For  Reference 


NOT  TO  BE  TAKEN  FROM  THIS  ROOM 


6x  MBBIS 

MBaajffinsis 


University  of  Alberta 
Printing  Department 


Digitized  by  the  Internet  Archive 
in  2019  with  funding  from 
University  of  Alberta  Libraries 


https://archive.org/details/triaxialshearstrOOralp 


UNIVERSITY  OF  ALBERTA 


\c\^ 
*  H 


TRIAXIAL  SHEAR  STRENGTH  CHARACTERISTICS 
OF  SOME  SAND- ASPHALT  MIXTURES 


BY 


RALPH  C.  G.  HAAS 


A  THESIS 

SUBMITTED  TO  THE  FACULTY  OF  GRADUATE  STUDIES 
IN  PARTIAL  FULFILMENT  OF  THE  REQUIREMENTS  FOR 
THE  DEGREE  OF  MASTER  OF  SCIENCE 


DEPARTMENT  OF  CIVIL  ENGINEERING 


EDMONTON,  ALBERTA 
APRIL,  1963. 


ABSTRACT 


Benefication  of  inferior  materials  has  become  increasingly  impor- 
tant  as  quality  aggregate  supplies  dwindle.  One  such  method,  asphalt  sta¬ 
bilization,  has  been  based  mainly  on  local  experience  and  preference,  with 
the  result  that  literature  information  is  at  times  controversial  and  many 
inherent  variables  are  often  insufficiently  appreciated. 

This  investigation,  which  arose  from  a  need  for  more  work  of  a 
fundamental  nature  in  asphalt  stabilization,  determined  strength  relation¬ 
ships  of  cutback  asphalt,  asphalt  hot-mix,  and  foamed  asphalt  mixtures  by 
triaxial  compression  testing  of  cured  and  water  immersed  specimens. 

The  results  showed  that  for  the  fine,  uniform  and  rounded  quartz 
sand  used,  the  foamed  asphalt  process  resulted  in  superior  shear  strengths, 
compared  to  the  other  processes.  However,  immersion  caused  up  to  a  90 
percent  loss  in  cohesion  to  result  in  strengths  similar  to  those  of  immer¬ 
sed  cutback  or  hot-mix  specimens.  Several  postulations  were  made  con¬ 
cerning  the  possibility,  under  certain  circumstances,  of  varying  degrees 
of  asphalt  and  water  capillary  tension  forces.  Other  results  showed  for  all 
processes  investigated  a  similar  optimum  asphalt  content  for  maximum 
cohesion,  that  maximum  density  and  shear  strength  were  not  coincident 
and  that  friction  angle  was  not  related  to  asphalt  content. 

The  major  recommendation  concerned  a  field  test  strip  to  compare 
cutback,  emulsified  and  foamed  asphalt  stabilization,  with  emphasis  on 
investigating  strength  loss  after  water  absorption. 
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GLOSSARY  OF  TERMS  AND  SYMBOLS 


Volatiles :  Evaporable  material  in  a  sand-asphalt  mixture.  In  a  cutback 
asphalt  stabilized  specimen,  volatile  content  refers  to  the  total  of 
evaporable  water  plus  diluent  in  the  cutback,  or  to  evaporable  water 
alone  if  an  asphalt  cement  is  used. 

Optimum  Volatile  Content:  The  volatile  content  at  which  maximum  dry 

density  of  a  sand-asphalt  mixture  is  attained,  for  any  particular  com- 
pactive  effort. 

Curing:  The  drying  out  of  compacted  sand-asphalt  mixtures  in  an  oven  at 
100°  F  and  zero  humidity,  for  7  days. 

Aerating:  The  drying  out  of  uncompacted  sand-asphalt  mixtures  in  an  oven 
at  100°  F  and  zero  humidity. 

Drying  Back:  The  same  as  "Aerating". 

Immersion:  The  placing  in  water  of  compacted  and  cured  sand-asphalt  speci¬ 
mens  for  14  days. 

Soaking:  The  same  as  "Immersion". 

pcf :  Pounds  per  cubic  foot. 

psi:  Pounds  per  square  inch. 

Asphalt  residue:  The  asphalt  cement  remaining  in  a  sand-asphalt  mixture 
dried  to  constant  weight  at  105°  C. 

Mohr  Rupture  Line:  The  best-fit  linear  tangent  line  to  a  series  of  Mohr 
failure  circles  from  a  triaxial  test  series. 

Strength  Envelope:  The  same  as  Mohr  rupture  line. 

C:  Unit  cohesion;  the  intercept  of  the  Mohr  Rupture  Line  with  the  shear 

stress  axis.  Cohesion  equals  the  shearing  strength  at  zero  normal  stress. 

0  :  The  angle  of  internal  friction,  in  degrees.  0  equals  the  slope  of  the 
Mohr  Rupture  Line. 

If  :  Shearing  stress  or  strength,  in  psi. 

Qr  :  Normal  stress,  in  psi. 

^  :  Unit  weight,  in  pcf. 

Optimum  Asphalt  Content:  The  asphalt  content  in  a  sand-asphalt  mixture  for 
which  the  cohesion  is  a  maximum. 


x 


CHAPTER  I 


INTRODUCTION 


1:1  General 

A  greatly  expanded  highway  construction  program,  especially 
after  the  Second  World  War,  has  considerably  influenced  the  depletion 
of  good  quality  aggregates  within  economical  hauling  distances.  This  in 
turn  has  lent  impetus  to  the  use  of  locally  occurring  inferior  aggregates 
and  soils,  which  must  usually  be  upgraded  to  fulfill  the  quality  require- 
ments  of  present  day  roads.  The  means  of  upgrading  these  inferior 
materials  is  a  problem  considered  by  the  Highway  Research  Board 
Special  Committee  on  Highway  Research  Priorities  (Special  Report  56) 
to  fall  within  a  research  area  of  critical  importance.  This  committee 
estimates  that  nearly  one-third  of  the  total  $34  million  of  highway  research 
expenditures  in  the  United  States  over  a  period  of  five  years  should  be 
spent  for  this  purpose. 

Of  the  inferior  materials,  local  sands  can  usually  provide  struc¬ 
tural  stability  to  traffic  loading  if  applied  in  sufficient  thickness,  com¬ 
pacted  properly,  confined  by  some  means,  and  if  covered  with  a  surface 
wearing  layer.  However,  subsequent  moisture  absorption,  weathering 
and  other  climatic  conditions  may  largely  destroy  the  load  carrying 
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capacity  of  such  a  structural  component  of  the  pavement.  Hence,  through 
cementing  the  sand  particles  together  or  modifying  and  waterproofing  them 
in  some  way,  or  both,  it  can  be  possible  to  substantially  reduce  the  thick¬ 
ness  of  the  structural  layer  required,  as  well  as  to  provide  it  with  satis¬ 
factory  resistance  to  water  absorption,  freezing  and  thawing  and  other 
disruptive  forces. 

One  such  method  of  stabilizing  sands  has  been  to  treat  them  with 
Portland  cement,  a  procedure  that  has  resulted  in  well  over  100  miles 
of  stabilized  soil-cement  base  course  on  Alberta  highways  alone.  Another 
procedure,  that  of  soil-asphalt  stabilization,  has  found  widespread  appli¬ 
cation  in  many  parts  of  the  United  States  and  includes  approximately 
7 ,  000  miles  of  primary  and  secondary  highways  with  asphalt  stabilized 
bases.  The  growing  importance  and  significance  of  asphalt  stabilization 
in  some  Canadian  provinces  is  evidenced  by  the  construction  of  approxi¬ 
mately  65  miles  of  sand-asphalt  base  in  Manitoba,  as  reported  by  Knowles 
(1962)  ,  although  Alberta  has  to  the  present  time  made  only  limited  use 
of  this  method  of  stabilization. 

The  main  advantage  of  asphalt  stabilization,  as  compared  to  Port¬ 
land  cement  stabilization,  lies  in  its  relatively  lower  cost,  although  it 
cannot  compare  in  structural  strength  and  is  therefore  primarily  used 
in  providing  bases  and  subbases  for  secondary  roads  and  streets.  A 
lesser  advantage  is  the  greater  flexibility  of  asphalt  mixtures  in  that  they 
can  usually  undergo  much  greater  strains  before  failure  than  can  the 

*  References  are  cited  by  indicating  the  author  and  the  year  of  publication. 
A  complete  list  of  references  used  is  contained  in  the  Bibliography  at 
the  end  of  the  thesis. 
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Portland  cement  mixtures. 

It  must  be  recognized  that  not  all  sands  are  suitable  for  asphalt 
or  Portland  cement  stabilization.  This  results  primarily  from  particle 
shape  and  gradation  characteristics  being  such  that  the  final  stabilized 
mixture  is  still  below  some  required  stability.  Also,  some  sands  possess 
textural  and  surface  reactive  characteristics  that  cause  them  to  show 
preference  for  one  material  over  another,  for  instance,  a  preference  of 
water  to  asphalt.  For  some  of  these,  the  addition  of  certain  chemical  addi¬ 
tives  will  reverse  this  condition. 

The  design  of  structurally  sound  and  durable  stabilized  bases  de¬ 
pends  on  a  very  large  number  of  variables  in  soil  characteristics,  stabi¬ 
lizer  characteristics  and  conditions  to  which  the  completed  pavement  will 
be  subjected.  Of  necessity  then,  present  design  methods  are  almost 
entirely  empirical  or  semi-empirical  in  nature  and  rely  on  a  fund  of 
accumulated  experience  to  provide  the  correlation  link  between  satisfac¬ 
tory  field  performance  and  design.  Without  describing  any  of  these  methods 
it  may  be  sufficient  to  say  that  many  of  them  rely  on  an  empirical  strength 
and  durability  test  with  arbitrary  limits  of  suitability.  Recently,  however, 
the  triaxial  compression  test  has  found  increasing  favour  in  comparing 
strength  relationships  of  various  materials.  A  prime  reason  is  that  this 

Ox 

test  provides  a  method  of  understanding  and  evaluating  fundamental  ‘ 
mechanisms  within  the  technology  of  producing  stabilized  mixtures.  It 
must  be  noted,  although,  that  some  authorities,  such  as  Mack  (1961), 

*  The  term  fundamental  is  used  in  connection  with  representing  the  shear¬ 
ing  resistance  of  a  material  by  the  parameters  C  and  (J)  as  determined  by 
the  triaxial  test,  thereby  assuming  the  validity  of  the  Mohr  strength  theory, 
although  strictly  speaking  C  and  d)  are  empirical  coefficients. 
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believe  that  the  triaxial  test  is  extremely  limited  insofar  as  they  believe 
more  realistic  information  can  be  obtained  from  studying  the  deformation 
of  bituminous  pavements  as  a  function  of  load,  time  and  temperature.  Per¬ 
haps  cyclic  compression  loading  of  varying  time  and  temperature  condi¬ 
tions  may  help  to  resolve  these  concepts  in  future  investigations.  In  any 
case,  the  gap  between  evaluating  and  understanding  these  fundamental 
mechanisms  and  transferring  them  to  rational  methods  of  practical  pave¬ 
ment  design  is  still  very  large  indeed  and  will  be  bridged  only  by  continued 
extensive  research. 

1:2  Purpose  of  the  Investigation  and  its  Limitations 

The  prime  objective  of  this  investigation  was  to  compare  and 
analyze  fundamental  strength  relationships  of  a  uniform,  fine  grained 
sand  stabilized  with  a  cutback  asphalt  and  with  an  asphalt  cement.  The 
method  of  introducing  the  asphalt  to  the  sand-water  mixture  or  to  the  dry 
sand  was  intended  to  be  the  variable  of  major  interest,  with  special  em¬ 
phasis  on  the  relatively  new  foamed  asphalt  process. 

The  investigation  is  part  of  a  continuing  series  of  investigations 
on  stabilization  of  highway  materials  sponsored  by  the  Cooperative  High¬ 
way  Research  Program  in  Alberta.  One  objective  of  this  program  is  to 
compare  and  evaluate  methods  of  stabilizing  inferior  materials.  Most  of 
the  past  work  within  this  program  has  been  directed  to  investigation  of 
Portland  cement,  lime,  lime-flyash  and  lime-pozzolan  stabilization.  Re¬ 
cent  work  by  Pennell  (1962)  was  concerned  with  comparing  structural 
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strengths  of  a  Portland  cement  stabilized  sand  with  a  cutback  asphalt  sta¬ 
bilized  sand,  by  means  of  triaxial  compression  testing.  In  conjunction 
with  Pennell’s  work,  and  immediately  following  it,  other  work  on  sand- 
asphalt  stabilization  has  been  conducted  by  Knowles  (1962)  on  strength 
characteristics  of  emulsified  asphalt  stabilized  sands  with  lime  additives, 
by  Jones  (1962)  on  the  durability  characteristics  of  cutback  asphalt  stabi¬ 
lized  sand,  and  by  White  (1962)  on  aeration  of  cutback  asphalt  stabilized 
sand.  It  was  felt  that  the  next  step  within  this  program  should  be  concerned 
with  understanding,  evaluating  and  comparing  the  various  asphalt  stabili¬ 
zation  processes  from  a  standpoint  of  fundamental  strength  mechanisms 
and  their  relative  effects  and  significance.  Thus,  it  was  decided  to  set  up 
an  investigational  program  on  the  basis  of  triaxial  shear  strength  evalua¬ 
tions  of  this  one  particular  sand  mixed  with  asphalt  by  a  cutback  asphalt 
process,  a  hot-mix  process,  a  foamed  asphalt  process,  and  a  "wet1'  hot- 
mix  process.  The  sand  itself  is  the  same  as  that  used  by  Pennell  (1962) 
and  Jones  (1962),  and  is  from  the  same  source  as  that  used  by  White  (1S62)., 
It  has  been  successfully  used  on  a  soil-cement  stabilization  project  on 
Highway  16  west  of  Edmonton. 

In  order  to  obtain  results  as  definitive  as  possible  from  the  tes¬ 
ting  program,  it  was  decided  to  make  constant  as  many  variables  as 
possible  that  were  not  directly  involved  in  comparisons  of  the  various 
mixing  processes.  In  accordance  with  this,  curing  conditions  and  water 
immersion  conditions  were  the  same  for  all  specimens  of  the  various 
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processes,  except  for  the  hot-mix  process  where  curing  consisted  merely 
of  cooling  the  compacted  specimens.  Also,  compactive  effort,  except  for 
one  minor  series,  was  kept  constant  throughout.  Various  other  conditions 
of  procedure  and  testing  were  kept  as  constant  as  possible  and  as  near  as 
possible  to  those  used  by  Pennell  (1962),  Jones  (1962),  White  (1962)  and 
by  the  Highways  Division  of  the  Alberta  Research  Council  '.  Thus,  dura¬ 
bility  was  not  investigated  as  a  variable,  as  such,  but  it  was  intended  to 
note  the  comparative  effects  on  each  process  of  shrinking,  swelling  and 
water  absorption  characteristics. 

By  limiting  the  variables  and  by  employing  test  conditions  and 
procedures  as  consistent  as  possible  with  other  investigational  work  at 
the  University  of  Alberta,  it  was  hoped  to  not  only  produce  comparative 
results  as  far  as  this  thesis  is  concerned  but  to  also  produce  results  for 
quantitative  and  qualitative  comparisons  with  other  work.  It  was  con¬ 
sidered  that  many  of  the  conflicting  reports  of  stabilization  investigations 
are  largely  due  to  the  tremendous  variety  of  arbitrary  testing  conditions 
and  procedures  used  by  various  investigators.  Often  such  investigations 
result  in  unjustified  extrapolations  and  conclusions  by  readers  who  are 
unaware  of  the  relative  importance  of  seemingly  minor  variables.  Hence, 
the  investigator  in  soil  stabilization  work  must  be  keenly  aware  of  the 
limitations  posed  by  both  the  variable  nature  of  the  very  few  materials 
he  works  with  and  by  his  evaluation  techniques. 

As  far  as  this  thesis  is  concerned,  many  limitations  exist.  They 

*  Certain  test  procedures  have  been  established  and  are  outlined  in  detail 
in  Appendix  B. 


include  the  investigation  of  only  one  sand  stabilized  by  only  three  processes, 
many  arbitrary  conditions  of  testing  and  procedure,  and  the  lack  of  corre¬ 
lation  between  test  results  and  actual  field  conditions  and  performance. 
Nevertheless,  within  a  broad  program,  an  investigation  of  this  sort,  if 
properly  coordinated  and  carried  out,  may  provide  a  very  important  and 
necessary  link  between  an  understanding  of  the  technology  of  the  materials 
involved  and  an  eventual  rational  method  of  design  that  must  depend  on 
a  reliable  technology  for  a  safe,  durable  and  stable  pavement. 

1:3  Organization  of  the  Thesis 

The  thesis  proper  begins  with  a  review  of  literature  and  general 
concepts  involved  in  sand-asphalt  stabilization.  This  second  chapter 
attempts  both  to  comment  on  and  explain  as  much  as  possible  some  of 
the  conflicting  concepts  of  sand-asphalt  stabilization,  as  well  as  to  out- 
line  the  accepted  concepts,  theories,  practices  and  information  within 
this  particular  field.  Several  rather  detailed  discussions  are  contained 
in  this  chapter,  particularly  those  referring  to  the  foamed  asphalt  pro¬ 
cess,  water  absorption  and  swelling,  and  stability  evaluation  by  the  tri- 
axial  test  method,  the  reason  being  that  these  particular  topics  are 
especially  important  to  the  test  results  and  to  the  interpretation  and  dis¬ 
cussions  of  these  results. 

The  third  chapter  describes  the  materials  used,  namely  the  sand, 
the  cutback  asphalt,  and  the  penetration  asphalt  cement  used  for  both  the 
hot-mix  process  and  for  the  foamed  asphalt  process. 
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Chapters  IV  and  V  are  devoted  to  a  brief  outline  of  the  testing  pro¬ 
gram  and  procedures  used,  and  to  a  discussion  of  the  procedures  and 
apparatus.  Much  of  the  discussion  concerns  justification  of  certain  of 
the  arbitrary  procedures  employed. 

The  sixth  chapter  contains  summaries  of  the  testing  program  and 
plots  of  the  various  strength  and  other  significant  relationships.  As  many 
as  possible  of  these  relationships  are  summarized  on  common  plots  to 
facilitate  comparisons  and  so  as  not  to  overburden  the  thesis  with  a  pre¬ 
ponderance  of  plotted  detail. 

The  seventh  chapter  contains  a  fairly  detailed  analysis  and  dis¬ 
cussion  of  the  test  results.  Rather  than  attempting  to  formulate  or  extra¬ 
polate  any  definite  design  procedures,  it  is  more  the  intention  of  this 
chapter  to  advance  fundamental  knowledge  by  explaining  the  significance 
of  the  test  results  and  the  reasons  for  their  variability. 

Chapter  VIII  is  a  relatively  brief  summary  of  conclusions  and 
recommendations  following  from  the  actual  test  results  and  the  review 
of  previous  investigations  and  other  pertinent  literature  and  information. 

The  Appendices  follow  a  section  on  Bibliography  and  generally 
contain  detailed  test  procedures,  routine  information  on  classification  of 
the  sand,  an  IBM  1620  computer  program  of  Balmer’s  analytical  solution 
{1952)  for  a  best-fit  Mohr  envelope,  sample  data  and  secondary  summary 
sheets  and  sample  calculations.  Also  contained  is  other  minor  information 
of  insufficient  importance  to  warrant  its  incorporation  into  the  main  body 


of  the  thesis . 


CHAPTER  II 


SAND-  ASPHALT  STABILIZATION 

2:1  General 

Soil  stabilization  in  its  broadest  sense  implies  improvement  of 
soil  so  that  it  can  be  used  for  subbases,  bases  or  very  occasionally  sur¬ 
face  courses.  This  problem  of  dealing  with  procedures  and  techniques  by 
which  otherwise  unsuitable  soils  may  be  improved  by  stabilization  inherent¬ 
ly  contains  the  aspect  of  whether  benefits  derived  will  economically  jus¬ 
tify  the  treatment  involved. 

Over  the  past  thirty  years  or  more,  considerable  work  has  been 
done  in  this  field,  much  of  which  involves  asphalt  stabilization  of  soils, 
including  sands.  However,  until  fairly  recently,  the  major  portion  of  the 
work  has  been  of  a  practical  nature  to  arrive  at  a  set  of  empirical  design 
standards  and  construction  procedures  suitable  usually  for  a  particular 
locale.  The  past  few  years  have  seen  increased  efforts  to  investigate  soil 
stabilization  on  a  scientific  basis.  These  new  efforts  are  extremely  impor¬ 
tant  from  the  point  of  attempting  to  solve  existing  problems,  to  provide 
fundamental  information  on  concepts  and  mechanics  of  stabilization  and 
to  provide  an  integral  part  of  the  technological  aspect  of  rational  pave¬ 
ment  design . 
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The  following  paragraphs  will  attempt  to  review  some  of  the  current 
and  past  developments  and  concepts  involved  in  sand-asphalt  stabilization. 
Some  of  these  concepts  are  contentious  and  differing  viewpoints  are  held 
by  many  investigators.  This  results  probably  from  the  very  nature  of 
these  ideas  and  from  the  very  limited  amount  of  investigations  to  deter¬ 
mine  fundamental  mechanisms.  Thus,  the  writer  feels  that  it  is  desirable 
to  critically  review  some  of  these  concepts  on  the  basis  of  their  limita¬ 
tions  and  comparisons,  the  intention  being  to  contribute  constructive  cri¬ 
ticisms  while  applying  these  ideas  to  the  particular  investigation  of  this 
thesis.  It  is  further  intended  to  extend  certain  of  these  concepts  and  to 
propose  some  new  ones  in  an  effort  to  advance  fundamental  knowledge.  It 
is  hoped  that  this  will  in  turn  invite  further  constructive  criticisms. 

2:2  The  Stabilization  Process 

Subgrade  soils  that  are  in  many  cases  unsatisfactory  in  their  natu¬ 
ral  state  can  be  altered  by  admixtures,  the  addition  of  aggregate,  by 
proper  compaction  or  by  a  combination  of  these  treatments.  Thus  stabili¬ 
zation  often  involves  the  addition  to  the  natural  soil  of  one  or  more  materi¬ 
als  belonging  to  the  groups  that  have  been  categorized  according  to  the 
properties  imparted  to  the  soil.  These  groups  can  be  broadly  classified 
as  containing  cementing  agents,  waterproofing  agents,  water-retaining 
agents,  water-retarding  agents  and  miscellaneous  chemicals.  The  first 
three  groups  are  of  major  interest  to  this  investigation. 

The  cementing  agents  are  capable  of  reactions  within  themselves. 
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usually  in  the  presence  of  water,  that  produce  strong  inter-particle  bonds 
between  the  soil  grains  to  enable  the  resultant  structure  to  carry  high 
loads.  They  commonly  include  such  materials  as  Portland  cement,  lime, 
flyash  and  sodium  silicate. 

The  second  group,  the  soil  modifiers  or  conditioners,  are  genera¬ 
lly  surface  active  materials  that  are  usually  used  to  modify  the  soil  struc¬ 
ture  and  texture  when  the  cost  of  a  cementing  material  is  prohibitive. 

They  include  such  materials  as  cement,  lime  and  bitumen. 

The  third  group  includes  the  waterproofing  agents,  foremost  of 
which  are  the  bituminous  materials.  They  coat  the  individual  soil  par¬ 
ticles  or  their  agglomerates  to  retard  or  prevent  the  sorption  of  water. 

In  the  case  of  cohesionless  soils,  such  as  silts  or  sands,  the  bituminous 
admixture  serves  a  dual  purpose  of  binding  soil  particles  together  to  give 
cohesion  to  the  mass,  as  well  as  waterproofing  the  mixture.  Recently, 
secondary  additives  have  been  employed  with  bituminous  materials  to 
improve  such  properties  as  durability,  strength  and  adhesion  of  the  as¬ 
phalt  to  the  mineral  surface.  Some  of  this  work  is  described  by  Puzinaus- 
kas  and  Kallas  (1962). 

2:3  Mechanics  of  Sand-Asphalt  Stabilization 

The  prime  objective  in  stabilizing  a  cohesionless  soil  is  to  pro¬ 
vide  permanent  stability  by  eliminating  water  sensitivity  and  imparting 
cohesion  to  the  compacted  mass.  Aside  from  such  cementing  agents  as 
Portland  Cement,  the  most  obvious  way  of  accomplishing  this  is  to  envelop 
or  coat  the  individual  soil  particles  with  a  film  of  a  stable  and  resinous 
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substance  that  will  prevent  water  from  reaching  the  particle  surfaces 
and  will  hinder  or  prevent  the  movement  of  water  into  the  mass  by  capill¬ 
ary  or  other  forces.  One  of  the  most  suitable  materials  for  this  purpose, 
at  least  from  a  local  standpoint,  is  a  bituminous  material. 

The  effectiveness  of  asphalt  as  a  stabilizing  material  is  limited 
by  the  difficulty  of  distributing  it  uniformly  throughout  the  soil  mass  and 
by  its  inability  to  adhere  to  wet  soil  particles.  In  addition,  the  asphalt- 
soil  bond  is  quite  sensitive  to  destruction  by  water.  Thus,  the  degree 
to  which  asphalt  will  satisfactorily  stabilize  a  soil  depends  on  many  fac¬ 
tors,  such  as  amount  of  water  present  during  mixing,  type  and  duration 
of  mixing  process,  temperatures  involved,  physical  properties  of  the 
soil  and  the  asphalt,  the  compactive  effort  used,  the  amount  of  water 
present  during  compaction  and  the  climatic  conditions  to  which  the  stabi¬ 
lized  mass  will  be  subjected. 

The  distribution  of  asphalt  throughout  the  soil  mass  is  facilitated 
by  modifying  the  asphalt  physically  to  increase  its  fluidity  or  by  decreas¬ 
ing  its  viscosity  by  introducing  it  into  the  soil  mass  in  the  form  of  a  foam. 
Increased  fluidity  is  accomplished  in  one  of  three  ways:  (i)  by  diluting 
the  asphalt  with  an  evaporable  cutback  or  solvent,  (ii)  by  emulsifying  the 
asphalt  in  water,  or  (iii)  by  heating  the  asphalt  to  make  it  fluid.  The 
foaming  process  is  somewhat  specialized  and  relatively  new  and  will  sub¬ 
sequently  be  explained  in  more  detail.  Also  outlined  in  more  detail  will 
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be  the  cutback  asphalt  and  the  hot-mix  processes.  The  extreme  import¬ 
ance  of  proper  distribution  of  asphalt  is  aptly  summarized  in  a  statement 
by  Sommer  (1957): 

"In  appraising  bituminous  mixtures  and  their  perform¬ 
ances  in  service,  it  becomes  more  and  more  evident 
that  the  consistency  of  the  bituminous  binder  is  less 
important  than  its  efficient  and  most  effective  dispersion 
in  the  total  mass." 

2:4  Theories  of  Asphalt  Stabilization 

In  the  process  of  development  of  the  basic  principles  involved,  two 
major  concepts  regarding  the  performance  of  the  bituminous  binder  and 
mineral  constituents  have  been  formulated:  (i)  The  binder  exists  as  a 
continous  phase  of  a  plastic  matrix  in  which  the  mineral  ingredients  are 
suspended  during  manufacture,  placement  and  after  final  compaction, 

(ii)  The  films  of  the  binder  around  the  mineral  particles  and  the  thickness 
of  the  films  materially  affect  the  cementing  strength  of  the  binder. 

These  concepts  essentially  tie  in  with  the  two  theories  proposed  by 
Endersby  (1942).  The  first  of  these,  the  "plug  theory",  contends  that  the 
capillaries  in  the  soil  mass  are  plugged  with  asphalt,  thus  preventing  or 
hindering  water  from  leaving  or  entering  the  mix.  The  "intimate  mix 
theory"  contends  that  the  individual  particles  of  soil  are  coated  with  a 
thin  film  of  asphalt  which  prevents  water  from  attacking  these  individual 
particles . 

Probably  both  theories  are  true  to  a  certain  extent  and  it  seems 
logical  that  a  compromise  of  both  holds  for  a  good  many  cases,  especially 
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for  fine  sandy  materials.  For  the  sands,  a  considerable  percentage  of 
grains  are  likely  coated  with  asphalt,  provided  a  proper  mixing  operation 
is  used.  The  resulting  mass  then  possesses  shearing  strength  in  the  form 
of  cohesion.  This  cohesive  effect  is  dependent  upon  the  thickness  of  the 
asphalt  film  and  the  viscosity  of  the  binder.  The  thickness  of  the  film 
inversely  affects  shearing  resistance;  hence,  it  is  desirable  to  have  as 
thin  a  film  as  possible  using  as  viscous  a  binder  as  possible.  However, 
flexibility  and  durability  requirements  must  be  considered  when  attempt¬ 
ing  to  produce  these  effects. 

2:5  Influence  of  Mixing  Water  in  Stabilization 

The  importance  of  having  sufficient  water  in  a  mix  for  good  dis¬ 
tribution  of  asphalt  and  lubrication  during  the  compaction  process  has  been 
recognized  for  some  time. 

The  distribution  of  asphalt  in  a  dry  mix,  unless  the  mineral  is  very 
hot,  is  extremely  difficult  to  achieve.  It  has  been  found  that  the  contact 
angle  between  the  asphalt  and  the  mineral  particles  is  decreased  by  add¬ 
ing  water,  thus  permitting  easier  spreading  of  the  asphalt  throughout  the 
mix  (Benson  and  Becker,  1942).  It  seems  reasonable  that  water  in  the 
mass  separates  particles  and  provides  a  fluid  medium  through  which  as¬ 
phalt  may  easily  pass  throughout  the  soil  void  spaces.  Thus,  for  a  par¬ 
ticular  soil  and  asphalt,  there  will  be  a  minimum  water  content  abcve  which 
good  mixing  should  take  place.  Water  can  usually  be  increased  over  a 
wide  range  above  this  minimum  with  resulting  good  distribution  of  asphalt; 
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however,  too  high  a  water  content  leads  to  compaction  and  curing  diffi¬ 
culties  . 

These  minimum  water  contents  of  course  will  vary  with  soil  type 
and  asphalt  content.  Many  procedures  used  are  empirical  and  arise  from 
a  fund  of  practical  experience.  Some  utilize  a  water  content  at  which 
maximum  density  of  the  mix  occurs,  for  the  particular  compactive  effort 
used,  and  some  use  the  "fluff  point".  The  fluff  point  refers  to  the  water 
content  at  which  the  soil  bulks  and  becomes  loose  and  "fluffy",  with  a 
moist  appearance.  Obviously,  this  can  cover  a  range  of  water  contents, 
which  leads  to  the  use  of  the  terms  "lower  fluff  point"  and  "upper  fluff 
point".  Beyond  the  upper  fluff  point,  the  mix  becomes  cohesive  and 
"muddy"  or  "slurry-like". 

The  proper  water  content  to  use  for  good  distribution  of  asphalt 
and  compaction  requirements  is  not  always  the  best  water  content  for  de¬ 
sirable  stability  properties.  Since  the  percentage  of  water  required  to 
produce  maximum  strength,  maximum  density,  minimum  total  moisture 
absorption  and  minimum  expansion  is  different  for  each  of  these  proper¬ 
ties,  Katti,  et.  al  (1959),  suggested  the  selection  of  a  compromise  mois¬ 
ture  content  for  mixing.  At  this  water  content,  each  of  the  desirable  pro¬ 
perties  will  be  at  a  minimum  variance  from  their  optimum  value.  This 
compromise  moisture  content  (CMC)  actually  was  found  to  be  within  a 
fairly  narrow  range  for  the  properties  mentioned,  and  was  approximately 
the  same  as  the  optimum  moisture  content  for  maximum  dry  density  of 
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the  soil-asphalt  mixture.  Pennell  (1962)  found  this  relationship  to  be  true 
for  maximum  strength  and  Knowles  (1962),  in  working  with  emulsions, 
found  that  minimum  water  absorption  occurred  at  a  molding  water  con¬ 
tent  close  to  the  optimum  for  maximum  Standard  Proctor  dry  density. 
Although  Katti  (1959)  found  maximum  strength  coincident  with  maximum 
density,  as  did  Pennell  (1962),  Knowles'  results  (1962)  on  this  are  incon¬ 
clusive  and  Herrin’s  work  (1958)  indicated  that  high  strength  is  not  re¬ 
lated  to  high  unit  weight  in  soil-asphalt  mixtures.  Obviously  there  seems 
to  be  some  controversy  with  regard  to  this  aspect  of  soil  stabilization.  It 
is  the  opinion  of  the  writer  that  some  relation  probably  exists  between 
unit  weight  and  stability;  however,  unit  weight  conditions  do  not  appear  to 
be  so  critical  to  stability  as  are  certain  other  conditions  or  requirements. 

2:6  Water  Resistance  of  Bituminous  Mixtures 

Three  major  theories  exist  concerning  the  water  resistance  of 
bituminous  coated  mineral  particles.  Briefly,  these  are: 

(i)  The  chemical  reaction  concept  which  states  that  the  acidic  components 
of  the  bituminous  material  react  with  basic  minerals  to  form  water  in¬ 
soluble  compounds. 

(ii)  The  mechanical  concept  which  emphasizes  the  role  of  surface  rough¬ 
ness  and  mechanical  adhesion. 

(iii)  The  surface  energy  concept  which  concerns  the  adhesion  resulting 
from  interfacial  energy  relationships  at  the  mineral-bitumen-water-  air 


interface . 


. 
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With  one  accepted  theory  it  could  be  possible  to  classify  proper¬ 
ties  of  minerals  that  affect  the  water  resistance  of  bituminous  mixtures. 
However,  in  addition  to  lacking  this,  the  problem  is  further  complicated 
by  essentially  empirical  tests  that  establish  the  validity  of  the  theories 
by  allegedly  measuring  adhesivity  in  the  presence  of  water.  Here  again 
the  problem  arises  of  establishing  an  acceptable  test  and  correlating  re- 
suits  to  field  performance. 

The  effects  of  water  immersion  and  swelling  of  bituminous  mix- 
tures  on  strength  characteristics  are  subsequently  discussed  in  this  chap¬ 
ter.  For  detailed  discussions  of  the  above  noted  theories  and  concepts 
the  reader  is  referred  to  a  paper  by  Rice  (1958). 

2:7  Cutback  Asphalt  Stabilization 

Cutback  asphalts  are  widely  used  in  soil  stabilization,  the  most 
popular  being  the  rapid  curing  and  medium  curing  cutbacks.  The  rapid 
curing  cutbacks  seem  to  be  best  suited  to  clean,  sandy  soils  where  fur¬ 
ther  distribution  of  asphalt  during  curing  is  of  little  concern;  thus,  the 
rapid  loss  of  solvent  and  increase  in  viscosity  are  both  possible  and 
desirable. 

Medium  curing  cutbacks  give  more  time  for  dispersion  of  asphalt 
throughout  the  soil  mass  before  the  loss  of  volatiles  reduces  the  fluidity 
of  the  binder.  This  makes  them  more  suitable  for  soils  containing  some 
fine  material,  such  as  fine  sands  or  silty  sands.  With  slow  curing  cut¬ 
backs,  the  rate  of  cohesive  strength  development  during  curing  becomes 
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even  slower.  These  slow  curing  cutbacks  are  often  used  in  the  United 
States  to  produce  "oiled  roads"  where  the  asphalt  is  applied  to  the  en¬ 
tire  width  of  the  road  and  allowed  to  penetrate  into  the  soil.  Of  major 
interest  here  will  be  the  medium  curing  cutbacks,  since  an  MC3  was 
used  for  a  part  of  this  investigation. 

Stabilization,  using  a  cutback  asphalt,  consists  essentially  of 
three  steps:  (i)  mixing  the  cutback  with  the  soil  at  some  water  content, 

(ii)  compacting  the  mixture,  either  immediately  after  mixing  or  after  some 
period  of  drying-back,  and  (iii)  curing  the  mixture  by  allowing  evapora¬ 
tion  of  water  and  solvent.  As  mentioned  and  subsequently  discussed, 
some  procedures  call  for  a  certain  amount  of  aerating  or  drying-back 
before  compaction  to  provide  initial  stability  to  the  compacted  mass. 

The  use  of  water  to  facilitate  distribution  of  asphalt  throughout 
the  mass  and  aid  in  compaction  probably  results  in  a  very  incomplete 
covering  of  mineral  particles  with  asphalt.  In  other  words,  the  mass, 
after  compaction,  is  likely  composed  of  a  structure  of  wet  soil  particles 
with  void  spaces  filled  with  free  water  and  globules  or  droplets  of  cut¬ 
back  asphalt.  As  the  water  and  solvent  evaporate  from  the  mix,  either 
before  compaction  or  after  compaction  during  the  curing  process,  it  be¬ 
comes  possible  for  the  asphalt  to  spread  out  and  adhere  to  the  mineral 
particle  surfaces.  This  "wetting-out"  enables  the  asphalt  to  distribute 
itself  more  uniformly  throughout  the  mass,  depending  considerably  of 
course  on  its  fluidity,  which  in  turn  depends  on  the  rate  of  evaporation 
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of  the  solvent. 

The  amount  of  water  required  in  the  cutback  asphalt  stabilization 
process  depends  on  the  soil  used,  the  cutback  asphalt  used  and  the  sta¬ 
bility  and  durability  properties  required.  For  example,  Puzinauskas  and 
Kallas  (1962)  have  found  that  the  amount  of  water  required  for  maximum 
density  decreases  as  the  amount  of  cutback  asphalt  used  increases.  Their 
findings  are  supported  by  Pennell’s  results  (1962). 

2:8  Emulsified  Asphalt  Stabilization 

Asphalt  emulsions  were  not  used  in  this  investigation;  hence,  they 
will  be  referred  to  only  briefly.  They  have  been  successfully  used  for 
soil  stabilization  on  a  large  number  of  road  projects,  especially  in  some 
of  the  southeastern  United  States,  such  as  Florida  and  Virginia,  as  des¬ 
cribed  by  McKesson  (1943).  Pennell  (1962),  in  an  annotated  bibliography, 
has  five  other  references  on  emulsified  asphalt  stabilization  by  McKesson 
alone.  Despite  a  considerable  fund  of  practical  knowledge  and  the  develop¬ 
ment  of  such  tests  as  the  Modified  Florida  Bearing  Value  Test,  relatively 
little  work  of  a  purely  fundamental  nature  has  been  done. 

The  emulsions  primarily  used  for  mixing  operations,  which  are 
usually  plant  rather  than  road  operations,  are  the  slow  setting  type. 

Soils  mixed  with  emulsions  must  be  aerated  before  proper  compaction 
can  be  obtained,  but,  as  stated  by  Knowles  (1962),  an  uncompacted  soil- 
emulsion  mix  is  much  less  affected  by  rain  than  an  uncompacted  soil- 


cutback  asphalt  mix. 


2:9  Asphalt  Cement  Stabilization 


Penetration  grade  asphalts  have  been  successfully  used  to  stabi¬ 
lize  clean  sands,  such  as  on  projects  in  Manitoba  and  Minnesota,  as  des¬ 
cribed  briefly  by  Sharpe  (1959).  However,  the  usual  procedure  of  hot- 
mixing,  such  as  is  used  in  producing  a  bituminous  concrete,  makes  this 
method  of  introducing  asphalt  into  a  soil  mass  for  base  stabilization  pro- 
hibitive  in  cost,  except  for  possibly  some  very  special  cases.  The  prob¬ 
lem  of  course  with  a  cold  mix  is  that  the  fluid,  heated  asphalt  cement 
cools  and  becomes  highly  viscous  and  extremely  difficult  to  mix  as  soon 
as  it  comes  in  contact  with  a  cold,  wet  mass  of  soil.  The  exception  is  the 
foamed  asphalt  process  which  does  use  a  penetration  asphalt  cement  with 
a  cold,  wet  mix. 

2:10  Foamed  Asphalt  Stabilization 

The  foamed  asphalt  process  was  developed  from  1954  to  1956  at 
the  Bituminous  Research  Laboratory,  Engineering  Experiment  Station, 

Iowa  State  College,  under  the  direction  of  Professor  L.H.  Csanyi. 

Foamed  asphalt  is  produced  by  introducing  steam,  at  controlled 
temperature  and  pressure,  into  a  heated  penetration  grade  asphalt  cement. 
This  is  accomplished  by  extrusion  through  a  special  nozzle  containing  a 
central  steam  tube  with  an  enveloping  sleeve  to  contain  asphalt.  The  foam 
is  emitted  either  in  individual  bubbles  of  asphalt  (discrete  foam),  using 
high  pressures,  or  joined  bubbles  of  concentrated  foam  using  lower 
pressures.  Wide  adjustment  of  the  nozzle  is  also  possible. 
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Foaming  does  not  alter  the  asphalt  chemically  but  changes  its  vis¬ 
cosity  and  consistency  by  producing  bubbles  of  high  surface  tension  that 
have  high  adhesive  and  cohesive  properties.  The  foamed  asphalt,  expan¬ 
ded  to  many  times  its  original  volume,  has  a  rubbery  or  "gummy"  nature 
and  a  materially  lowered  viscosity  that  enables  it  to  be  used  at  much  low¬ 
er  temperatures  than  the  liquid  binder. 

The  details  of  the  mixing  process  essentially  involve  the  bursting 
of  the  bubbles  when  they  come  in  contact  with  particles  of  aggregate.  When 
this  happens,  the  surface  tension  spreads  the  thin  film  of  binder  force¬ 
fully  and  rapidly  over  the  surface  of  the  particle.  The  modified  surface 
tension  of  the  binder  bubble  provides  natural  forces  to  induce  a  high  ad¬ 
hesion  between  the  binder  and  the  particle  (Csanyi,  1957).  This  may  be 
contrasted  to  a  conventional  mixing  process  where  the  binder  apportioned 
for  filling  of  the  voids  is  a  free  agent  during  mixing  and  acts  as  a  lubri¬ 
cant  to  permit  particles  to  roll  around  and  pick  up  their  coatings.  Ano¬ 
ther  contrast  is  the  impact  process  (Ward,  1957)  where  a  high  speed  im¬ 
pact  occurs  between  droplets  of  atomized  binder  and  the  aggregate  par¬ 
ticle.  In  the  foamed  asphalt  process,  the  distribution  of  the  bubbles  of 
binder  depends  on  a  proper  amount  of  water  to  facilitate  movement  of 
the  binder  through  the  void  channels.  This  proper  water  content  is  a  de¬ 
tail  of  mix  design  which  must  be  found  experimentally  and  certainly  varies 
from  material  to  material. 

In  comparison  to  other  mixing  processes,  the  foamed  asphalt 


mixes  can  be  produced  in  a  conventional  type  mixer  fitted  with  spray  bars 
containing  the  special  nozzles  and  the  steam  and  asphalt  pressure  sys¬ 
tem  to  introduce  steam  and  binder  to  the  nozzles.  Figure  1  shows  a  sche¬ 
matic  diagram  of  a  nozzle  and  a  typical  foamed  asphalt  distribution  sys¬ 
tem. 

Due  to  this  being  such  a  relatively  new  process,  existing  design 
criteria  is  limited  mainly  to  literature  from  Iowa  State  College.  Empha¬ 
sis  is  placed  on  the  fact  that  desirable  properties  of  foamed  asphalt  can 
only  be  gained  practically  by  careful  control  of  the  foamed  binder  (Csanyi, 
1960).  It  may  also  be  mentioned  that  the  nozzles,  as  well  as  the  process, 
are  patented  by  the  Iowa  State  College  Foundation. 

Original  practical  applications  included  two  field  test  strips  at 
Ames,  Iowa  in  1957  (Nady  and  Csanyi,  1958).  Since  then,  many  full 
scale  applications  of  the  foamed  asphalt  process  have  occurred,  inclu¬ 
ding  several  in  Alberta  (Curtis,  1962).  It  appears  that  from  the  limited 
amount  of  literature  available  that  this  process  is  mainly  applicable  in 
providing  a  low  cost  method  for  stabilizing  secondary  roads  and  streets. 
High  type  paving  mixtures  have  been  produced  (Beaupre,  1962);  however, 
the  advantage  of  the  process  is  limited  for  too  cold  a  mixture  and  there 
is  some  difficulty  encountered  in  coating  particles  larger  than  about  3/8 
inch  in  diameter.  A  semi-mastic,  using  the  foamed  asphalt  process,  has 
been  produced  in  Dubuque  Iowa  for  resurfacing  streets  (Csanyi  in  dis¬ 
cussing  a  paper  by  Douglas  and  Tons,  1961),  with  apparent  success. 
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It  appears  from  the  foregoing  discussions  that  the  main  advantage 
of  the  foamed  asphalt  process  lies  in  providing  a  method  of  introducing 
a  penetration  asphalt  cement  into  a  cold,  wet  mix,  without  heating  the 
aggregate.  Thus,  the  extra  cost  of  diluent  in  a  cutback,  or  water  in  an 
emulsion,  is  eliminated.  Also,  field  tests  have  shown  that  aeration  pro¬ 
cedures,  common  in  cutback  or  emulsified  asphalt  stabilization,  are  not 
necessary  with  this  process  (Csanyi,  195  7).  Limited  data  is  available  but 
actual  field  applications,  including  a  sand  stabilization  project  near  Ed¬ 
monton,  have  shown  that  from  a  construction  standpoint  foamed  asphalt 
mixes  are  little  affected  by  rain. 

A  very  brief  account  of  the  foamed  asphalt  process,  concepts  in¬ 
volved  and  practical  applications  has  been  presented.  However,  the 
writer  feels  that  this  process  could  be  somewhat  unique,  under  cer¬ 
tain  conditions,  in  actually  producing  a  situation  where  the  binder  is 
partially  present  in  a  capillary  condition,  thereby  acting  as  a  highly 
viscous  liquid  or  as  a  "semi-solid".  The  term  unique  is  used  to  com¬ 
pare  with  the  conventional  bituminous  mastics  in  which  the  binder  is 
considered  to  be  in  a  capillary  phase  (Douglas  and  Tons,  1961),  al¬ 
though  the  foamed  asphalt  process  does  not  produce  a  voidless  mix  when 
used  for  soil  stabilization.  To  produce  a  capillary  phase  in  the  binder, 
the  conditions  of  a  fine,  graded  material  and  uniform,  thin,  continous 
films  must  be  realized.  Thus,  if  this  capillary  film  exists,  the  move¬ 
ment  of  the  binder  during  shear  follows  Poiseuille’s  law  and  depends  on 

*The  project  referred  to  was  personally  examined  by  the  writer  about  6 
hours  after  a  severe  rainstorm,  at  which  time  construction  was  again 
in  full  progress. 
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the  effect  of  (i)  friction  along  the  walls  enclosing  the  capillary  space,  (ii) 
the  internal  friction  of  the  liquid,  and  (iii)  the  temperature,  which  affects 
the  internal  friction  and  the  adhesion  of  the  films  along  the  encasing  walls 
due  to  thermic  dilatation. 

Poiseuille's  law  shows  that  the  flow  potential  in  capillaries  is  di¬ 
rectly  proportional  to  the  fourth  power  of  the  capillary  diameter  and  in¬ 
versely  proportional  to  the  absolute  viscosity.  This  means  that  the  in¬ 
ternal  friction  within  the  structure  of  a  bituminous  mixture,  provided 
these  capillary  films  of  binder  exist,  increases  with  the  fourth  power  as 
the  capillary  space  narrows.  This  also  means  internal  friction  is  reduced 
to  the  same  degree  upon  expansion  of  the  capillary  space,  should  this 
occur  due  to  expansion  or  swelling  of  the  mass. 

In  a  conventional  process  plastic  masses  and  pure  asphalt  are 
formed  and  by  a  kneading  action  discontinous  asphalt  films  of  considerable 
variation  in  thickness  are  rubbed  off  on  the  particles  (Csanyi,  1948). 
However,  the  foamed  process,  under  conditions  described,  may  produce 
a  condition  resulting  in  continous,  uniform  and  thin  films  at  least  through 
part  of  the  mixture.  Certainly,  in  a  dried  or  cured  mix  of  this  sort,  some 
capillary  tension  must  exist  due  to  internal  dessication  of  the  water 
phase.  These  latter  capillary  forces,  which  produce  apparent  cohesion 
in  a  soil-asphalt  mixture,  can  be  quickly  destroyed  by  allowing  access 
to  free  water.  If  this  occurs,  and  should  swelling  of  the  compacted  mass 
of  sand-asphalt  occur,  then  it  seems  reasonable  that  any  existing 
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capillary  forces  in  the  binder  would  be  reduced  to  the  extent  previously 
described.  Sufficient  swelling  could  then  essentially  destroy  these 
capillary  forces  and  result  in  purely  cohesive  bonds  within  the  binder  to 
produce  any  remaining  cohesion  in  the  mass.  When  any  of  the  aforemen¬ 
tioned  capillary  forces  exist,  they  actually  produce  a  condition  of  inter- 
granular  stress  analogous  to  preconsolidation  in  soil  mechanics. 

It  must  be  emphasized  that  the  preceding  discussion  concerning 
the  possibility  of  the  occurrence  of  these  asphalt  capillary  films  is  largely 
postulation  and  may  be  open  to  some  discussion.  However,  an  excellent 
paper  by  Douglas  and  Tons  (1961)  on  strength  analysis  of  bituminous  mas¬ 
tic  concrete  essentially  supports  these  ideas.  In  the  discussion  of  this 
paper,  Professor  Csanyi  outlines  the  actual  preparation  and  placing  of 
a  bituminous  mastic  concrete  using  foamed  asphalt.  Douglas  and  Tons 
replied  that  they  considered  the  foamed  asphalt  or  the  impact  process  may 
in  these  cases  actually  produce  a  semi-mastic.  In  any  case,  it  is  hoped 
that  this  investigation  will  contribute  in  supporting  or  disproving  these 
ideas,  at  least  as  far  as  the  particular  materials  used  are  concerned. 

2:11  Effects  and  Influence  of  the  Mixing  Operation 

The  fact  that  the  mixing  operation  influences  the  properties  of  a 
bituminous  mixture  has  been  known  for  some  time.  However,  the  impor^ 
tance  and  magnitude  of  these  effects  have  often  been  little  appreciated  and 
underestimated. 


For  bituminous  concrete  hot-mixes,  considerable  information 
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exists,  and  because  of  oxidation  and  volatilization  of  the  asphalt  cement, 
mixing  time  and  temperature  are  the  most  important  considerations.  Of 
course  many  other  considerations  of  a  technological  and  mechanical  design 
nature  exist. 

In  soil-bituminous  construction,  optimum  mixing  times  for  a 
particular  soil,  a  particular  asphalt  and  a  particular  water  content  have 
been  investigated  by  such  persons  as  Benson  and  Becker  (1942)  and  En- 
dersby  (1942).  These  investigators  found  this  optimum  mixing  time  to 
vary  from  one  to  two  minutes,  for  the  particular  mixing  procedures  and 
materials  that  they  used.  Longer  mixing  times  produced  "intimate  mix 
conditions"  where  groups  of  soil  particles  were  further  broken  down  and 
the  asphalt  became  too  thinly  distributed  for  good  waterproofing.  They 
also  found  that  mixing  water  content  exerted  a  much  greater  influence  on 
optimum  mixing  time  than  did  the  asphalt  content,  with  high  water  contents 
showing  a  wider  tolerance  in  mixing  time  than  low  water  contents.  Des¬ 
pite  this  so-called  optimum  mixing  time  being  somewhat  of  a  contentious 
issue,  one  cannot  argue  with  the  fact  that  mixing  time  exerts  tremendous 
influence  on  the  resultant  properties  of  a  bituminous  mixture.  Thus,  it 
is  felt  by  the  writer  that  a  procedure  such  as  that  used  by  Stewart  (1962), 
where  the  materials  were  "thoroughly  blended  by  means  of  the  mixer", 
may  lead  to  inconsistent  results  if  the  mixing  times  varied.  In  other  words, 
an  apparent  visual  appraisal  of  this  sort  is  not  considered  reliable  enough 
for  consistency,  although,  as  discovered  in  a  literature  review  on  mixing. 
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by  Walker  (1962),  no  satisfactory  mechanical  evaluation  or  appraisal 
exists  at  this  time.  Thus,  one  should  heed  the  advice  of  White  (1962), 
who  states: 

"There  are  so  many  variables  that  affect  the  mixing 
operation  that  for  any  laboratory  testing  programme 
as  many  as  possible  must  be  made  constant.  " 

A  study  of  mixing  procedures,  with  particular  reference  to  the 
pugmill  in  the  University  of  Alberta  Bituminous  Laboratory,  Plate  1,  has 
been  made  by  Cowling  (1962).  He  found  that  for  a  fine  sand  mixed  with 
MC3  at  one  particular  moisture  content,  unconfined  compressive  strengths 
of  cured  samples  rose  quite  sharply  for  up  to  5  minutes  mixing  time,  and 
then  levelled  off.  It  must  be  emphasized  that  these  results  apply  only  for 
the  particular  materials  and  procedure  used  and  are  apparently  related 
to  the  degree  of  distribution  of  the  asphalt  achieved  with  variable  mixing 
times  of  the  particular  pugmill  used.  Unconfined  compressive  strengths 
of  14  day  immersed  specimens  showed  little  difference  between  2.5  min¬ 
utes  and  10  minutes  mixing.  However,  for  only  30  seconds  mixing,  swell¬ 
ing  of  specimens  was  appreciable  greater  and  the  unconfined  compressive 
strength  was  halved.  Unfortunately,  due  to  some  of  the  data  being  lost, 
quantitative  information  on  water  intake  and  swelling  during  soaking  is 
not  available. 

These  investigations  illustrate  that  unless  one  is  particularly  in¬ 
vestigating  the  effects  of  mixing  time,  mixing  operations  within  a  parti¬ 
cular  group  of  tests  should  be  kept  rigidly  constant.  This  was  the  proce- 


. 


29 


dure  used  for  this  thesis  as  well  as  by  other  investigators  such  as  White 
(|962),  Pennell  (1962),  and  Jones  (1962). 

2:12  Effects  of  Aerating  and  Curing 

Stability  of  a  compacted  sand-asphalt  mixture,  at  any  particular 
time,  is  very  closely  related  to  the  amount  of  drying  and  the  rate  of 
evaporation  of  the  volatiles.  The  drying  itself  depends  on  such  factors 
as  temperature,  exposure  conditions,  and  humidity  of  the  surrounding  air. 
As  stated  previously,  drying  allows  for  cohesive  strength  development  of 
the  material,  and  in  some  cases  a  more  uniform  distribution  and  "wetting- 
out"of  the  asphalt  binder.  The  rate  of  drying  is  extremely  important  to 
the  rate  of  cohesive  strength  development. 

It  can  be  appreciated  that  field  curing  conditions  can  vary  widely. 
Also,  many  widely  varied  conditions  of  laboratory  curing  have  been  used 
by  various  investigators.  The  objective  should  be  to  simulate  field  cur¬ 
ing  conditions.  However,  some  laboratory  procedures  set  artificially 
high  curing  conditions  of  controlled  temperature  and  humidity.  The  cur¬ 
ing  temperatures  used  may  be  open  to  some  argument,  but  a  condition  of 
controlled  humidity  is  advantageous  with  regard  to  obtaining  consistent 
results  on  a  comparative  basis.  Examples  of  curing  temperatures  used 
are  140°  F  by  Stewart  (1962),  110°  F  by  Herrin  (1958)  and  by  White  (1962), 

100°  F  by  Jones  (1962)  and  by  Pennell  (1962),  and  room  temperature  by 
Knowles  (1962).  White  (1962)  has  made  a  study  of  the  effects  of  curing  time 
on  compressive  strength  development;  however,  it  must  be  emphasized 
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that  any  investigation  of  this  type  is  primarily  applicable  to  the  particular 
materials  and  process  used,  and  extrapolations  should  be  made  with  ex¬ 
treme  caution. 

The  procedure  of  aerating  cutback  and  emulsified  sand-asphalt 
mixtures  is  widely  used  in  field  practice.  The  degree  of  this  drying-back, 
which  may  vary  widely,  is  usually  based  on  field  experience.  Recently, 
several  laboratory  studies  concerning  this  problem  have  been  conducted. 
One  of  these,  by  Herrin  (1958),  indicated  that  for  a  sandy  loam  mixed 
with  MC3,  a  certain  amount  of  drying  before  compaction  is  needed  to 
provide  high  initial  strength.  After  compaction,  further  drying  results  in 
additional  strength.  Herrin  emphasized  that  this  initial  drying  before 
compaction  must  not  be  carried  too  far  (i.e.,  maximum  stability  was 
reached  at  approximately  the  same  time  as  the  rate  of  evaporation  of 
the  volatiles  levelled  off);  otherwise,  the  greater  air  void  content  of  the 


n 


over-aerated"  specimens  made  them  more  susceptible  to  soaking  up 


water.  The  greater  air  void  content  of  course  results  from  decreased 
density  due  to  less  volatiles  at  compaction.  Herrin  also  showed  that  the 
rate  of  evaporation  of  water  from  his  mixes  was  much  greater  than  the 
rate  of  evaporation  of  solvent;  however,  both  rates  levelled  off  at  the  same 
approximate  time  for  each  mix  and  it  must  be  remembered  that  each  mix 
initially  contained  about  10  times  as  much  water  as  solvent. 

Herrin  (1958)  justifies  initial  drying  before  compaction,  to  some 


extent,  by  concluding  that  cutback  stabilized  soils  cannot  be  compacted 
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to  a  density  requirement,  per  se,  for  high  strength  is  not  related  to  high 
unit  weight  in  soil  asphalt  mixtures.  As  previously  stated  in  this  chapter, 
this  may  be  open  to  some  argument  in  that  it  may  be  more  realistic  to  say 
other  conditions  and  requirements  are  more  important  and  relative  to  sta¬ 
bility  than  is  unit  weight.  Certainly  there  must  be  some  definite  limita¬ 
tions  to  unit  weight  ranges;  otherwise,  stability  and  durability  would  be 
affected.  Considering  the  relative  unimportance  of  a  density  requirement, 
Herrin  (1958)  concludes  that  if  a  density  requirement  is  specified  for  a 
soil-asphalt  mixture,  it  should  be  accompanied  by  a  limitation  in  the  amount 
of  water  and  hydrocarbon  volatiles  in  the  mixture.  The  initial  stability 
attained  with  aerating  also  supports  this  conclusion. 

In  a  similar  investigation,  Katti,  et  al  (1959),  report  that  compac¬ 
tion  of  a  soil-asphalt  mixture  immediately  following  mixing  produces  a 
more  stable  final  cured  product  than  a  procedure  in  which  some  drying- 
back  is  allowed  before  compaction.  Also,  as  stated  previously,  their  work 
indicated  that  maximum  strength  is  coincident  with  maximum  density. 

This  appears  somewhat  at  variance  with  the  work  of  Herrin  (1958).  How¬ 
ever,  contrary  to  the  opinion  of  some,  their  work  does  not  essentially 
contradict  Herrin  as  far  as  drying-back  is  concerned.  This  follows  from 
the  fact  that  Herrin’s  results  clearly  show  that  mixtures  dried-back  5 
hours  before  compaction  had  20  percent  lower  final  stability  than  mixtures 
compacted  immediately  after  mixing.  Thus,  the  only  advantage  to  drying- 
back  before  compaction  appears  to  lie  in  the  provision  of  initial  stability. 
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should  this  be  needed  to  support  compaction  equipment  or  traffic  loads  of 
some  sort. 

White's  results  (1962)  showed  that  a  fine  uniform  sand  mixed  with 
MC3  and  aerated  prior  to  compaction  had  reduced  water  absorption  ten¬ 
dencies  and  increased  immersed  compressive  strengths  when  compared 
with  non-aerated  mixtures.  In  view  of  the  lower  densities  involved,  the 
reasons  for  this  are  not  entirely  clear.  Also,  this  effect  appeared  some¬ 
what  dependent  on  the  length  of  curing  time  before  immersion.  Results 
actually  showed  lower  immersed  compressive  strengths  for  aerated 
mixtures  that  were  only  cured  for  24  hours  at  110°  F.  In  addition.  White's 
results  showed  higher  immersed  compressive  strengths  for  higher  mold¬ 
ing  water  contents,  regardless  of  whether  or  not  the  mixtures  had  been 
aerated  before  compaction. 

The  preceding  discussion  should  serve  to  illustrate  that  while  cur¬ 
ing  is  certainly  considered  necessary  for  strength  development,  aerating 
prior  to  compaction  is  still  somewhat  of  a  contentious  issue.  Thus,  it 
appears  entirely  logical  that  most  present  practice  still  relies  on  local 
preference  and  a  fund  of  practical  experience  for  this  aspect  of  sand- 
asphalt  stabilization. 

2:13  Water  Absorption  and  Swelling 

One  of  the  most  widely  tested  and  least  correlated  aspects  of  sand- 
asphalt  stabilization  lies  in  the  effects  of  water  absorption.  This  becomes 
apparent  when  one  considers  the  many  laboratory  test  results  available  on 
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water  absorption,  both  from  immersion  and  capillary  action.  However, 
the  actual  field  conditions  of  amount,  rate  and  effects  of  water  absorption 
are  relatively  unknown  insofar  as  practically  no  literature  and  probably 
extremely  few  investigations  exist  on  this  subject. 

Total  immersion  of  samples  appears  to  be  a  common  method  of 
subjecting  a  sand-asphalt  mixture  to  water  absorption,  although  a  capil¬ 
lary  absorption  test,  involving  a  small  intake  of  water,  has  been  shown 
by  Jones  (1962)  to  be  equally  severe  in  destroying  stability.  There  can 
be  no  question  as  to  the  severity  of  the  soaking  test  in  relation  to  field 
conditions  where  intrusion  of  water  into  the  sand-asphalt  base  can  usually 
come  only  from  capillary  absorption  or  percolation  of  free  water  down 
from  the  top  of  the  pavement. 

Tests  by  various  investigators,  such  as  Jones  (1962),  have  shown 
the  waterproofing  effects  of  varying  asphalt  content  in  that  higher  asphalt 
contents  result  in  reduced  water  absorption.  The  effects  of  secondary 
additives  on  water  absorption,  volume  expansion  and  stability  have  been 
investigated  by  Puzinauskas  and  Kallas  (1962). 

Although  information  exists  on  relative  amounts  of  water  absorption, 
information  on  the  relation  between  rate  and  amount  of  water  absorption 
and  stability  is  not  so  clear.  Indications  are,  however,  that  most  sand- 
asphalt  mixtures  undergo  a  rapid  initial  absorption  of  water  and  conse¬ 
quent  rapid  initial  loss  in  strength  when  immersed  in  water.  Long  periods 
of  soaking  probably  result  in  gradual  loss  of  strength  as  the  asphalt-soil 
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bonds  are  gradually  destroyed.  This  of  course  depends  on  many  factors 
such  as  the  extensiveness  of  the  bond,  the  interfacial  tensions  developed 
and  the  viscosity  of  the  binder.  The  rate  and  amount  of  strength  loss,  as 
revealed  by  White  (1962),  is  greater  for  specimens  with  short  or  incom¬ 
plete  curing  periods  than  for  specimens  undergoing  long  curing  periods. 

It  appears  then  that  some  information  exists  on  water  absorption; 
however,  what  are  the  effects  of  volume  expansion  or  swelling  associated 
with  water  absorption?  It  seems  that  apparent  cohesion  due  to  dessication 
is  quickly  destroyed  by  water  absorption  along  capillary  channels.  This 
observation  has  been  made  by  Pennell  (1962)  and  it  also  seems  logical 
that  swelling  has  little  to  do  with  this  phase  of  loss  of  strength.  But  cer¬ 
tainly  swelling  does  occur  to  some  degree  during  immersion  of  specimens 
and  it  seems  logical  to  assume  that  this  must  affect  strength  to  some  degree. 
Endersby  (1942)  has  stated: 

"Swell  of  the  immersed  soil  should  be  regarded  as 
significant  because  of  its  effect  on  pavement  dis¬ 
tortions,  but  it  should  not  be  regarded  as  propor¬ 
tional  to  loss  of  bearing  power.  " 

The  writer  concurs  that  this  is  probably  essentially  true  for  conventional 
mixes  of  cutback  or  emulsified  asphalt  stabilized  sands.  However,  for 
the  foamed  asphalt  process,  this  swelling  may  be  very  significant  in  des¬ 
troying  any  existing  capillary  phase  of  the  asphalt  binder.  The  particular 
mechanism  causing  this  swelling,  in  a  foamed  asphalt  or  any  other  mix, 
is  not  clearly  understood.  However,  a  paper  by  Ladd  (1960)  on  swelling 
of  clays  postulates  that  a  portion  of  the  swelling  results  from  compression 


of  entrapped  air  within  the  capillary  channels,  as  water  advances  or  is 
drawn  into  the  channel  from  both  ends.  Extending  this  concept  to  sand- 
asphalt  mixes  may  help  to  explain  swelling  of  immersed  specimens. 

Figure  2  may  serve  to  elucidate  the  principle  involved.  As  shown,  both 
axial  and  hoop  tensions  act  in  the  tube  at  this  location.  If  the  capillary 
tube  is  brittle  it  could  break  at  the  center.  If  the  tube  is  flexible  at  the 
center,  bulging  could  occur.  Thus,  the  maximum  air  pressure  that  can 
be  attained  in  a  capillary  tube  of  a  given  radius  (assuming  a  sufficient 
amount  of  air  is  present  in  the  tube)  is  proportional  to  the  tensile  strength 
of  the  tube,  or  the  surface  tension  of  the  water,  whichever  is  smaller. 

In  a  similar  manner,  enlargement  of  a  soil  void  could  occur  if  the  soil 
skeleton  cannot  withstand  the  pressure.  As  pointed  out  by  Ladd  (1962), 
the  air  pressure  can  be  quite  large  and  could,  for  example,  theoretically 
be  6  atmospheres  in  a  capillary  tube  of  0.5  microns  in  diameter. 

It  seems  reasonable  that  if  the  above  concept  were  true,  one  can 
probably  best  visualize  the  swelling  phenomenon  occurring  in  a  soil 
where:  (i)  there  are  many  interconnected  tubular  air  voids;  (ii)  the  air 
pressure  is  initially  atmospheric,  and  (iii)  water  enters  the  soil  from  all 
directions  during  soaking.  It  should  be  pointed  out  that  Terzaghi  and  Peck 
(1948,  p.  129),  in  discussing  slaking  of  dry  samples  of  clay,  state: 

"The  rapid  slaking  of  such  a  sample  is  said  to  be 
caused  at  least  in  part  by  the  air  pressure  build 
up  within  the  sample.  " 

It  is  considered  that  except  for  the  actual  disintegration  due  to  slaking. 
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where  Tg  =  surface  tension  in  water 
r  =  radius  of  capillary  tube 
oc  =  contact  angle 


Figure  2  -  Air  Pressure  in  a  Capillary  Tube 
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the  imbibation  of  water,  with  consequent  swelling,  is  a  concept  that  can  be 
feasibly  extended  to  certain  soil-asphalt  systems. 

It  should  be  further  pointed  out  that  a  recent  investigation  by  Dett- 
man  (1958)  concludes  that  "entrapped  air  is  neither  a  necessary  nor  an 
important  factor  in  slaking  of  dry  soils".  This  appears  to  refute  the  pre¬ 
vious  concept.  However,  Dettman’s  conclusions  resulted  in  part  from 
wetting  tests  on  crumbs  of  dry  clay  subjected  to  slow,  long  term  swelling 
in  a  humid  atmosphere,  where  the  crumbs  originally  contained  entrapped 
air.  In  these  tests,  the  samples  did  not  slake.  It  is  the  writer’s  opinion 
that  a  small  amount  of  swelling,  due  to  other  causes,  could  have  enlarged 
the  pore  spaces  sufficiently  for  some  of  the  entrapped  air  to  escape.  Also, 
due  to  the  long  term  nature  of  these  tests,  a  slow  infusion  of  water  vapour 
along  capillary  tubes  could  replace  entrapped  air.  This  can  be  contrasted 
to  sudden  immersion  of  a  sample  where  a  "solid"  or  continous  front  of 
water  is  being  drawn  quickly  into  the  capillary  tube  from  both  ends,  thus 
entrapping  the  air  and  compressing  it  without  allowing  it  to  escape  or  go 
slowly  into  solution.  Furthermore,  these  experiments  dealt  with  small 
crumbs  of  soil  2  mm  in  diameter,  as  contrasted  to  the  visualization  by 
Ladd  (1960)  of  many  interconnected  tubular  air  voids  to  produce  this  con¬ 
dition  of  swelling  by  compression  of  entrapped  air.  Hence,  in  view  of  the 
many  factors  that  can  cause  swelling  of  clays,  it  may  be  more  correct  to 
merely  state  that  entrapped  air  is  not  a  necessary  factor  in  swelling. 

The  writer  would  therefore  like  to  emphasize  that  the  concept  of 
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swelling  due  to  compression  of  entrapped  air  may  be  only  a  partial  or 
inconsequential  cause  of  swelling  in  soil-asphalt  materials;  however,  it 
can  serve  for  the  present  as  a  useful  or  helpful  hypothesis. 

A  further  cause  of  swelling  could  result  from  the  physical  separa¬ 
tion  of  particles  in  the  structure  due  to  capillary  forces  alone.  This  can 
be  explained  briefly  by  reference  to  Figure  3.  As  the  sample  dries  out, 
capillary  forces  tend  to  compress  the  soil  mass  and  bind  the  particles 
together,  in  effect  tending  to  produce  intergranular  stresses.  There 
may  be  no  actual  movement  of  particle  A  closer  to  particle  B  if,  through 
compaction,  they  are  already  a  certain  minimum  distance  apart  for  the 
orientations  shown,  but  the  resultant  of  the  capillary  forces  in  the  y-y 
direction  tends  to  produce  this  strong  apparent  cohesive  bond  or  inter- 
granular  stress  condition.  During  soaking,  as  water  is  being  imbibed  by 
capillary  action,  the  tension  in  the  pore  water  adjacent  to  the  menisci  is 
relieved  and  some  physical  separation  of  the  particles  may  occur.  The 
degree  of  this  physical  separation  or  swelling  would  of  course  depend  on 
a  number  of  variables,  such  as  asphalt  content  and  density  of  the  com¬ 
pacted  mixture. 

It  is  thus  possible  that  the  swelling  of  soil-asphalt  materials  may 
be  largely  attributable  to  the  phenomenon  of  physical  separation  of  the 
particles  due  to  release  of  capillary  forces.  Nevertheless,  one  should 
recognize  the  entrapped  air  concept  as  a  possible  important  factor  in  swel¬ 
ling.  Hence,  it  appears  that  much  work  is  needed  to  provide  explanations 
for  the  swelling  phenomena  in  soil-asphalt  mixtures.  It  is  hoped  that  the 
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preceding  discussion  has  served  to  shed  some  light  on  this  matter. 

2:14  Stability  Evaluation  By  Triaxial  Test  Method 

For  nearly  30  years  the  attention  of  pavement  design  engineers 
has  been  directed  in  part  towards  the  use  of  a  triaxial  shear  strength 
method  of  test  to  evaluate  the  properties  of  bituminous  mixtures.  Interest 
in  this  form  of  test,  particularly  as  a  means  of  evaluating  fundamental 
strength  properties  of  bituminous  mixtures,  has  increased  tremendously 
during  this  period,  although  the  semi-empirical  and  empirical  test  methods, 
such  as  Modified  Florida  Bearing  Value  test,  Hubbard -Field  stability  test, 
Marshall  stability  test,  and  others,  are  widely  used  for  practical  design. 

It  may  be  noted,  however,  that  at  the  present  time  there  are  several 
techniques  that  utilize  the  principles  of  triaxial  shear  testing  for  the  de¬ 
sign  and  strength  evaluation  of  bituminous  concrete  mixtures.  Since  all 
testing  in  this  investigation  utilized  the  constant  lateral  pressure  triaxial 
compression  test,  the  following  discussion  will  concern  itself  exclusively 
to  evaluation  of  stability  by  this  method. 

Considering  an  evaluation  of  this  sort,  a  Mohr  circle  may  be  drawn 
to  show  the  stress  conditions  at  any  time  during  the  triaxial  test.  Refer¬ 
ring  to  Figure  4,  if  the  lateral  pressure,  CT^,  is  kept  constant,  the  value 
of  0\  rises  until  the  peak  value  is  reached,  as  illustrated  by  the  CTj  value 


for  the  failure  circle  shown. 
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Figure  4  -  Mohr  Diagram  for  Cylindrical  Compression  Test  at  Failure 


A  line  drawn  tangent  to  a  series  of  these  failure  circles  represents  the 
internal  stability  of  the  material  and  is  often  referred  to  as  the  Mohr 
rupture  envelope.  If  this  strength  envelope  is  a  straight  line,  as  shown 
in  Fig.  4,  it  can  be  represented  by  the  general  Coulomb  equation 

S  =  C  +  Cr  tan  0 

where  S  =  shearing  stress  or  strength, 

C  -  cohesion, 

(T-  normal  stress, 

($ -angle  of  internal  friction. 

The  use  of  the  Coulomb  equation  to  represent  internal  stability  is 
predicated  on  the  assumption  that  internal  resistance  of  materials  is  a 
function  of  shearing  resistance  due  to  internal  friction.  It  is  further 
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assumed  that  cohesion  and  internal  friction  may  be  combined  in  a  single 
component  of  shearing  stress.  It  is  of  special  importance  that  it  be  rea¬ 
lized  C  and  0  are  not  constant  material  properties  but  are  empirical 
coefficients  which  may  vary  over  wide  ranges  for  a  given  soil  under  the 
various  possible  conditions  of  precompression,  void  ratio,  testing  condi¬ 
tions  and  other  variables.  Thus  C  and  0  are  merely  convenient  terms  for 
the  discussion  of  the  shear  strength  of  the  material. 

There  are  numerous  advantages  inherent  in  the  triaxial  test  method 
for  strength  testing  of  bituminous  mixtures,  regardless  of  which  of  the 
various  forms  is  used.  In  comparison  to  other  test  methods,  this  test 
approaches  the  design  problem  by  attempting  to  evaluate  fundamental 
strength  properties  of  the  material  under  specified  loading  conditions. 

The  stress  system  that  acts  upon  a  specimen  during  the  triaxial  test 
approaches  the  system  of  stresses  that  are  present  during  the  loading  of 
a  mixture  when  it  acts  as  a  part  of  a  pavement  structure.  Furthermore, 
the  triaxial  test  makes  use  of  a  strength  theory  that  agrees  closely  with 
experimental  results. 

It  appears  that  at  the  present  time  the  triaxial  test  method  offers 
the  greatest  potential  for  a  rational  method  of  mix  design.  However,  the 
limitations  and  disadvantages  must  be  realized.  They  include  lack  of  know¬ 
ledge  of  the  mechanism  of  failure  and  of  the  load  carrying  ability  of  plas¬ 
tic,  three  phase  systems,  the  occasional  added  complication  of  a  curved 
envelope  of  failure  for  which  there  is  no  well-defined  or  proven  explanation. 


and  the  lack  of  knowledge  concerning  stress  conditions  in  a  pavement  lay- 
er,  although  the  test  may  be  performed  in  a  strictly  rational  manner. 

This  latter  disadvantage  at  present  limits  the  application  of  triaxial  data 
to  empirical  procedures.  Test  variables,  such  as  the  existence  of  a  three 
phase  system,  effects  of  drainage  conditions,  the  question  of  constant  ver¬ 
sus  variable  lateral  pressure,  rate  of  load  application  or  sample  deforma¬ 
tion,  rheology  of  the  binder,  relative  dimensions  of  the  specimen,  effects 
of  void  content  of  the  mix,  and  test  temperature,  pose  a  formidable  limi¬ 
tation  in  that  the  triaxial  test  method  may  be  so  flexible  as  to  render  con¬ 
siderable  difficulty  in  comparisons  and  discussions  of  various  test  results. 
Each  test  procedure  used  probably  has  some  merit  and.  some  history  of 
successful  use  for  the  design  and  evaluation  of  bituminous  mixtures.  Un¬ 
fortunately,  however,  as  pointed  out  by  Goetz  and  Schaub  (1959): 

"the  very  nature  of  bituminous  mixtures  has  prevented 
the  development  of  an  acceptable  and  theoretically  sound 
theory  of  failure  that  will  account  for  the  many  variables 
that  must  be  considered,  regardless  of  the  particular 
test  method  used". 

Thus,  there  is  a  positive  need  for  the  separation  and  evaluation  of  the  test 
variables,  as  well  as  for  the  creation  of  a  procedure  that  will  define  the 
shearing  resistance  of  bituminous  mixtures  under  the  varied  conditions 
of  pavement  loading.  Certainly  not  all  of  this  research  should  be  confined 
to  the  laboratory  as  the  proof  of  any  theory  concerning  bituminous  mixture 
design  lies  in  its  successful  field  performance. 

Despite  these  limitations,  and  in  view  of  the  advantages  of  the 
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triaxial  test  method,  such  as  loading  similar  to  field  conditions,  statically 
determinate  method  of  analysis  of  the  results,  some  history  of  correla¬ 
tion  with  experience  and  the  relative  simplicity  of  adjustment  of  given 
variables,  it  seems  entirely  likely  that  further  extensive  research  will  be 
performed  to  establish  a  sound  basis  for  the  use  of  this  method  to  the  de¬ 
sign  of  bituminous  mixtures. 

2:15  Durability  Characteristics  of  Sand-Asphalt  Mixtures 

The  relationship  between  strength  and  durability  of  bituminous  mix¬ 
tures  is  measured  by  a  variety  of  empirical  tests,  the  principal  ones  be¬ 
ing  the  water  immersion  or  capillary  absorption  tests  and  the  freeze-thaw 
tests.  Unfortunately,  the  results  of  these  tests  have  seldom  been  corre¬ 
lated  with  field  performance,  thereby  creating  a  situation  of  some  disa¬ 
greement  between  various  investigators  as  to  the  significance  of  some  of 
these  tests.  Since  this  investigation  was  concerned  with  evaluating  funda¬ 
mental  strength  characteristics  of  sand-asphalt  mixtures  on  a  compara¬ 
tive  basis,  durability  conditions  were  not  investigated  as  a  variable.  An 
investigation  of  this  aspect  of  sand-asphalt  mix  evaluation  was  carried  out 
by  Jones  (1962).  He  used  unconfined  compression  tests  to  evaluate  strength 
properties  as  his  criterion  of  durability.  The  testing  essentially  involved 
freeze- thaw  and  immersion  tests  on  a  fine  sand  stabilized  with  MC3  and 
with  Portland  cement,  and  cured  for  variable  periods  before  immersion 
or  before  freezing  and  thawing.  His  results  showed  that  freezing  and  thaw¬ 
ing  appeared  to  have  little  effect  on  strength  characteristics  of  the  asphalt 
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stabilized  sand,  but  partial  saturation  of  cured  samples,  when  allowed 
access  to  water,  had  considerable  effect  on  freeze-thaw  resistance. 

Jones  also  reviews  some  of  the  current  durability  evaluation  methods  used 
including  a  section  on  non-destructive  testing  after  freezing  and  thawing 
or  wetting  and  drying  by  sonic  methods.  He  also  points  out  that  fatigue 
resistance  (referring  to  the  ability  of  asphalt  pavements  to  withstand  re¬ 
peated  flexure  and  stress  reversals)  could  be  a  durability  consideration. 

2:16  Summary 

This  chapter  has  reviewed  some  of  the  past  developments  in  sand- 
asphalt  stabilization  and  has  presented  some  new  concepts. 

The  available  literature  indicates  that  cutback  asphalt  or  emulsi¬ 
fied  asphalt  stabilization  must  rely  on  local  practice  and  experience  since 
laboratory  investigations  have  produced  some  conflicting  results,  due  pro¬ 
bably  to  the  tremendous  variety  of  materials  and  procedures  used. 

The  importance  of  the  method  of  introducing  the  bituminous  binder 
into  a  soil  and  the  mixing  operation  is  illustrated  by  the  foamed  asphalt 
process.  This  process  also  leads  to  an  awareness  of  the  importance  of  cer¬ 
tain  variables  in  soil-asphalt  stabilization  and  indicates  that  some  new  con¬ 
cepts  may  have  to  be  considered. 

Thus,  generalizations  about  any  aspect  of  sand-asphalt  stabiliza¬ 
tion  must  be  made  with  caution  and  with  full  realization  of  the  limitations 
imposed  by  such  variables  as  differences  in  materials,  mixing  process, 
mixing  water  content,  compactive  effort,  curing  conditions  and  durability 
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CHAPTER  III 


CLASSIFICATION  AND  ANALYSIS  OF  MATERIALS 


3:1  Sand 

The  soil  used  in  this  investigation  was  a  fine,  poorly  graded  sand 
from  the  McGinn  Pit  North  (SE  1/4-5-53-R1-  W5)  near  Stony  Plain, 
Alberta.  This  material  was  actually  the  remaining  portion  of  the  sand 
that  was  mixed,  air-dried  and  sacked  by  Pennell  (1962). 

The  grading  tests,  plus  visual  examination,  showed  this  sand  to  be 
an  A- 3  type  soil  of  the  AASHO  soil  classification  and  to  belong  to  the  SP 
group  of  the  Airfield  Classification  System.  The  hydrometer  test  showed 
that  the  8. 1  percent  passing  the  number  200  sieve  was  comprised  mostly 
of  coarse  silt  sizes. 

A  microscopic  examination  of  the  sand  would  classify  it  as  an 
ellipsoidal,  and  spherical  quartz  sand  with  a  small  amount  of  blocky  grains, 
according  to  the  U.S.  Corps  of  Engineers  Petrographic  Classification 
(1960).  This  examination  also  revealed  qualitatively  the  uniformity  of  the 
sand  and  the  absence  of  clay  size  fines  since  the  very  small  particles  did 
not  appear  to  be  agglomerations  of  smaller  particles  and  did  not  break  up 
when  washed. 

Table  1  summarizes  classification  and  sieve  analysis  data  of  the 
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sand.  Actual  hydrometer,  sieve  analysis  and  specific  gravity  test  results 
are  contained  in  Appendix  A.  The  data  is  taken  from  Pennell  (1962)  since 
the  two  materials  were  identical  and  it  was  considered  no  useful  purpose 
could  be  served  by  repeating  these  routine  classification  tests.  Further- 
more,  it  was  considered  desirable  to  devote  as  much  time  as  possible  to 
triaxial  testing  of  the  bituminous  mixtures. 

3:2  MC3  Cutback  Asphalt 

The  asphalt  was  supplied  by  Husky  Oil  and  Refining  Company  Limi¬ 
ted  of  Lloydminster,  Alberta  and  stored  in  sealed  five  gallon  containers. 
Any  asphalt  used  was  removed  quickly  and  heated  to  175°  F  in  a  sealed 
container . 

The  MC3  used  initially,  Table  2A,  shows  79  percent  residue, 
according  to  the  supplier's  analysis.  However,  drying  out  a  sample  of 
the  MC3  in  an  oven  at  105 '  C  showed  approximately  75  percent  residue  as¬ 
phalt.  Consequently,  calculations  show  a  residue  of  75  percent. 

The  MC3  used  for  the  aerated  or  dried-back  series,  Table  2B, 
had  a  residue  of  80  percent.  Consequently,  calculations  for  this  series 
show  80  percent  residue. 

It  is  unfortunate  that  two  cutback  asphalts  had  to  be  used;  however, 
since  the  properties  are  very  nearly  the  same,  any  differences  in  asphalt 
residue,  insofar  as  comparative  results  are  concerned,  should  be  negli¬ 


gible. 


3:3  Asphalt  Cement 


150-200  Penetration  Grade 


The  asphalt  cement  v/as  also  supplied  by  Husky  Oil  and  Refining 
Company  Limited  of  Lloydminster,  Alberta,  and  was  stored  in  sealed 
five  gallon  containers. 

The  supplier’s  data  on  this  material  is  shown  in  Table  3. 

3:4  Water 

All  water  used  was  tap  water  since  if  was  considered  any  reaction 
or  exchange  between  minerals  in  the  water  and  fine  fractions  in  the  sand 
would  be  inconsequential,  insofar  as  strength  values  of  the  sand-asphalt 
specimens  were  concerned. 


TABLE  1 


Sand  Properties 


Pit  Location  ................  SE  -  5  - 

AASHO  Classification  ............  A- 3 

Airfield  or  Unified  Classification  .  SP 

Specific  Gravity  .  . . 2.67 

Optimum  Water  Content  (Std.  Proctor)  ....  15.07> 

Standard  Proctor  Max.  Dry  Density  .  104.0  pcf 

Uniformity  Coefficient  ....  .  .2.58 


Grain  Size  Distribution 


U.S.  Standard  Percent 

Sieve  Size  Passing 


10 

100.0 

20 

100.0 

40 

99.3 

60 

76.4 

100 

24.  7 

53-1-5 


200 


8.1 


49 


TABLE  2A 


■ »V 

MC3  Cutback  Asphalt  Data 


Specific  Gravity  at  60°F  „  .  0 
API  Gravity  at  60°F  .  .  0  .  .  . 

Flash  Point  (T.O.C.)  .  .  .  .  „ 

Wa ter  ooo.oo.oooo.b 

Saybolt  Furol  Viscosity  at  140°F 


0,972 

13.0 

150°F+ 

Nil 

392  sec. 


Distillation  .  .  . 

O  O  0 

Percent  of 

Percent  of 

Distillate 

437°F 

Total  Over 

Total  Over 

0 

0 

500°F 

2 

9.3 

600°F 

14,5 

69.1 

680°F 

21.0 

100,0 

o 

Residue  to  680  F  Volume  by  Difference 

0  0  0  9  0  0 

.  79.0%, 

Residue  Penetration  at  77°F  (100  gins., 

5  sec . )  .  . 

.  155 

Oliensis  Spot  Test 

(15%  Xylene).  .  .  . 

O  0  o  o  o  o 

.  Neg . 

Soluble  in  Carbon 

Tetrachloride  .  .  . 

O  0  0  0  0  • 

.  99.8% 

Ductility  at  77°F 

(5  cm.  per  minute)  „ 

o  o  o  o  o  o 

.  100  cm. 

*  Data  shown  (from  supplier)  is  for  MC3  used  on  the 
aerated  sand-asphalt  series. 


non- 


TABLE  2B 


MC3  Cutback  Asphalt  Data 

Specific  Gravity  at  60°F  .  .  .  . 

API  Gravity  at  60°F  ........... 

Flash  Point  (T.O.C.)  ........... 

Wa  ter  ...  ooooo..oe..oooo 

o 

Saybolt  Furol  Viscosity  at  140  F  .  .  .  .  . 


Distillation  .  .  . 


Percent  of 
Total  Over 

Percent  of 

Total  Over 

437°F 

0 

0 

500°F 

2 

10.0 

600°F 

14 

70.0 

680°F 

20 

100.0 

Residue  to  680°F  Volume  by  Difference  ...... 

Residue  Penetration  at  77°F  (100  gms . ,  5  sec.)  .  . 
Oliensis  Spot  Test  (15%  Xylene).  ......... 

Soluble  in  Carbon  Tetrachloride  ......... 


.  0.9826 
.  12.5 
.  150°F+ 

.  Nil 
.  409  sec 

st ilia te 


.  80.0% 
.  173 
.  Neg. 

.  99.8% 


*  Data  shown  (from  supplier)  is  for  MC3  used  on  the  "’aerated 
or  "dried-back"  sand-asphalt  series. 
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TABLE  3 


Asphalt  Cement  Data 


Product  ................ 

Specific  Gravity  at  60°F  ....... 

API  Gravity  at  60°F  .......... 

Flash  Point  C.O.C.  .......... 

Penetration  at  77°F  (100  gms . ,  5  sec.). 

Ductility  at  77°F  (5cm.  per  min,,)  .  .  . 

Loss  on  Heating  at  325°F  (50  gms.,  5  hrs 

Penetration  After  L.O.H.  test,  percent 
of  original  penetration  ........ 

Soluble  in  CCl^  ............ 


.  150-200  AC 
.  1.0291 
.  6.0 
.  425°F+ 

.  153 
.  1 00+ 

.)  l-% 

.  70+ 

.  9  9 . 8+% 


*  Data  shown  is  from  supplier 


CHAPTER  IV 


TESTING  PROGRAM  AND  PROCEDURES 


4:1  Preliminary  Testing 

Certain  preliminary  investigations  were  necessary  in  order  to 
become  familiarized  with  the  equipment  and  to  establish  definite  test 
procedures.  The  major  portion  of  this  consisted  of  determining  whether 
to  use  2.8  inch  diameter  by  6.5  inch  specimens,  as  used  by  Pennell  (19 62 )j 
or  2  inch  diameter  by  4  inch  specimens  as  used  by  the  Highways  Division 
of  the  Alberta  Research  Council,  and  by  White  (1962).  Also  investigated 
was  the  length  of  mixing  cycle  necessary  to  obtain  a  good  distribution  of 
asphalt  throughout  the  mix. 

The  smaller  size  of  specimen,  2  inch  diameter  by  4  inches  long, 
was  selected  as  being  the  most  practical.  Furthermore,  a  considerable 
amount  of  work  done  by  the  Highways  Division  of  the  Alberta  Research 
Council  on  cement-stabilized  sands  involves  this  size  of  specimen  and  the 
necessary  compaction  equipment  and  triaxial  equipment  was  readily  avail¬ 
able. 

Certain  other  preliminary  testing  was  necessary,  mainly  when  a 
new  test  series  was  inaugurated.  This  was  usually  of  a  minor  nature  and 
is  described  under  detailed  procedures  of  testing.  Appendix  B. 
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4:2  Compactive  Effort 


It  was  decided  to  use  a  compactive  effort  on  the  2  inch  diameter  by 
4  inch  specimens  that  resulted  in  a  density  equal  to  that  achieved  in  the 
Standard  Proctor  Compaction  test.  Extensive  testing  by  the  Highways  Di¬ 
vision  of  the  Research  Council  of  Alberta  established  this  as  10  blows  on 
each  of  4  layers  with  the  Standard  Proctor  hammer  falling  12  inches.  The 
compactive  energy  expended  in  this  procedure  is  30,  300  foot  pounds  per 
cubic  foot  as  compared  to  12,  400  foot  pounds  per  cubic  foot  for  Standard 
Proctor  compaction;  however,  energy  expended  was  of  no  concern  since 
the  objective  was  to  simulate  Standard  Proctor  density. 

The  compactive  effort  described  was  used  on  all  specimens,  except 
for  one  hot-mix  series  where  it  was  varied  from  1/2  to  8  times  the  normal. 
For  ease  of  description  the  "Summary  of  Testing  Program"  lists  these  vary¬ 
ing  compactive  efforts  as  1/2  Std.  Proctor  Comp.,  2  Std.  Proctor  Comp., 
and  8  Std.  Proctor  Comp.,  although  strictly  speaking  the  multiples  of 
1/2,  2  and  8  apply  to  the  compactive  effort  of  30,  300  foot  pounds  per  cubic 
foot  and  do  not  apply  to  the  12,  400  foot  pounds  per  cubic  foot  of  the  Standard 
Proctor  test. 

4: 3 Accepted  Testing  Information 

Since  it  was  considered  desirable  to  devote  as  much  as  possible  of 
the  time  available  to  actual  triaxial  testing,  certain  routine  information  and 
established  procedures  were  accepted  without  verification  by  duplicate  test¬ 


ing.  These  included: 
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(a)  Optimum  moisture  of  15  percent  (lor  Standard  Proctor  maximum  dry 
density)  for  this  particular  sand,  as  established  by  Pennell  (1962)  and  by 
Jones  (1962),  and  shown  in  Appendix  A0 

(b)  Optimum  volatile  contents  of  14.4,  13.9,  13.2,  12.2  and  11  percent  for 
MC3  contents  of  3,  4,  5,  6,  and  7  percent  respectively,  for  maximum 
Standard  Proctor  dry  density,  as  established  by  Pennell  (1962),  and  shown 
in  Appendix  B. 

4:4  Outline  of  Testing  Program 

The  main  testing  program  consisted  entirely  of  triaxial  compres¬ 
sion  tests  on  sand-asphalt  specimens  cured  for  7  days  at  100°  F.,  sand- 
asphalt  specimens  cured  for  7  days  at  100°  F.  and  then  soaked  for  14  days 
at  room  temperature,  or  sand -asphalt  specimens  (in  the  case  of  the  hot- 
mixes)  cooled  for  24  hours  at  room  temperature. 

It  was  originally  decided  to  use  12  specimens  for  each  triaxial  test 
series  on  a  particular  sand-asphalt  mixture.  However,  a  plot  of  95  per¬ 
cent  confidence  limit'*  in  shearing  strength  versus  number  of  specimens, 
for  a  typical  sand-asphalt  series  test  results.  Figure  6,  revealed  that 
probably  8  specimens  would  be  sufficient  to  establish  a  Mohr  rupture  line 
with  reasonable  accuracy.  This  is  consistent  with  Pennell's  recommen¬ 
dation  (1962)  that  six  specimens,  tested  at  varying  lateral  pressures. 


*  95  percent  confidence  limit  refers  to  a  plus  or  minus  range  from  the 
mean  calculated  result  that  encompasses  all  test  results  with  95  percent 
certainty.  For  a  normal  error  distribution,  this  95  percent  confidence 
limit  equals  approximately  2  standard  deviations  from  the  mean. 


should  produce  a  well-defined  Mohr  envelope.  Thus,  nine  to  twelve  speci¬ 
mens  were  tested  for  each  series,  except  for  one  hot-mix  series  and  two 
other  series  where  an  extreme  number  of  breakages  reduced  the  number 
of  specimens  available  for  testing.  In  any  case,  95  percent  confidence 
limits  were  calculated  for  all  triaxial  test  series,  except  one,  and  are  lis¬ 
ted  in  Chapter  VI  which  contains  the  results  of  this  investigation.  The 
common  series  of  nine  specimens  involved  lateral  pressures  for  triaxial 
testing  in  increments  of  10  psi,  from  0  to  80  psi. 

A  summary  outline  of  the  various  test  series  is  given  in  Table  4 
(detailed  information  on  preparation  of  specimens  and  testing  procedures 
is  given  in  Appendix  B),  with  the  following  test  conditions  or  procedures 
constant  unless  otherwise  noted  in  the  table, 

(1)  Mixing  time  in  U  of  A  pugmill  150  seconds  for  MC3  mixes  and  60 
seconds  for  hot-mixes, 

(2)  Mixing  time  in  BCkT  pugmill,  foamed  asphalt  mixes  only,  75  seconds, 

(3)  Compactive  effort  constant,  to  simulate  Standard  Proctor  density, 

(4)  No  drying^back  or  aerating  before  compaction, 

(5)  Compaction  at  room  temperature, 

(6)  Specimens  2  inches  in  diameter  by  4  inches  long, 

(7)  Curing  period  7  days  at  100'  F, 

(8)  Immersion  period  14  days  at  room  temperature,  alter  7  days  curing, 

(9)  Triaxial  testing  at  room  temperature  and  0.01  inches  per  minute  strain. 

Commercial  pugmill  rented  by  the  Highways  Division,  Research  Council 
of  Alberta,  for  preparation  of  the  foamed  asphal'  mixes. 


TABLE  4 
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SUMMARY  OF  TESTING  PROGRAM 


Test  No.  of 
Series  Spec , 
A- 1  11 


B-l 

11 

B-2 

11 

B-3 

11 

B-4 

11 

B-5 

11 

C-l 

9 

C-2 

10 

C-3 

9 

D-l 

5 

D-2 

6 

D-3 

6 

E-l 

9 

E-2 

9 

E-3 

9 

E-4 

9 

F-l 

9 

F-2 

8 

F-3 

9 

F-4 

9 

G-l 

9 

_ _ _ Remarks _ 

Sand  mixed  with  157,  Water,  compacted  as  2.8  in.  diam. 
by  6  in.  specimens  and  tested  immediately 


77,  MC3  at  11%  volatiles 
6 %  MC3  at  12.27,  volatiles 
57o  MC3  at  13.27,  volatiles 
47o  MC3  at  13.9%  volatiles 
3%  MC3  at  14.4%  volatiles 

5.5%  of  150-200  AC 
4.2%  of  150-200  AC  ■ 

2.3%  of  150-200  AC  J 


All  specimens  comp. 
'  immediately  after 

mixing,  and  cured 

J 

Hot-Mixes,  compacted  at 
250°F  and  cooled  24  hours 
at  room  temperature 


4.2%  150-200,  with 
4.2%  150-200,  with 
4.2 %  150-200,  with 


1/2  Std .  Proc . ' 
2  Std.  Proc. 

8  Std.  Proc. 


Hot-Mixes  comp,  at 
250°F  and  cooled  24 
hrs .  at  room  temp. 


8.07,  foamed  asphalt 
5.57,  foamed  asphalt 
4.270  foamed  asphalt 
2.37,  foamed  asphalt 


\ 


All  mixes  with  15%>  molding  water, 
comp  after  24  hrs.  cooling  in 
sealed  bags,  and  cured 


8,0%  foamed 
5 . 57o  foamed 
4.27o  foamed 
2.3%  foamed 


asphalt 
asphalt  . 
asphalt 
asphalt  „ 


Exactly  as  E  series,  but 
specimens  immersed  after  curing 


4.2%  150-200,  hot-mix,  cooled  24  hrs.  at  room  temp., 
mixed  with  15%  water,  compacted  and  cured 


H-l  9  4.2 %  150-200,  hot-mix,  cooled  24  hrs.  at  room  temp., 

mixed  with  15%  water,  compacted,  cured,  immersed 


1-1 

9 

4.2  % 

foam. 

asph. ,  11%  water, 

90 

sec.  mix 

1-2 

9 

4.2  % 

foam. 

asph.  ,  7%.  water, 

105 

sec.  mix 

1-3 

9 

4.2% 

foam. 

asph. ,  3%.  water, 

120 

sec.  mix 

4 

J-l 

9 

4.2% 

foam. 

asph.  ,  11%.  water, 

90 

sec.  mix 

> 

J-  2 

9 

4.2% 

foam. 

asph. ,  7%  water, 

105 

sec.  mix 

J-  3 

7 

4.2% 

foam. 

asph. ,  37.  water, 

120 

sec.  mix 

J 

All  mixes  cooled 
24  hrs.  in  sealed 
bags,  comp.,  cured 

Exactly  as  I  series 
but  specimens  immer 
sed  after  curing 


K-l 

9 

5%  MC3,  dried-back  to 
107,  volatiles 

K-2 

9 

5%  MC3,  dried- back  to 
77o  volatiles 

K-3 

9 

57o  MC3,  dried- back  to 
4%  volatiles 

K-4 

9 

5%  MC3  mixed  with  air- 
and  cured 

All  mixes  prepared  at  13.27> 

”  molding  volatile  content,  comp, 
after  drying-back,  and  cured 

J 

dry  sand,  compacted  immediately, 
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[A]  U  OF  A  PUGMILL  [B]  COMPACTION  EQUIPMENT 
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EXTRUSION  OF  2  IN.  BY  4  IN.  SAND-ASPHALT  SPECIMENS 


[A]  MEASURING  SPECIMEN 


PLATE  3 


imM 
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TRIAXIAL  TESTING  OF  2  IN,  DIAM.  BY  4  IN.  SAND-ASPHALT  SPECIMENS 
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4:5  Calculation  of  Best-Fit  Mohr  Envelopes 

Since  all  other  calculations,  such  as  those  for  void  ratio,  density, 
etc.,  are  relatively  routine  and  basic  in  soil  mechanics,  they  are  neg¬ 
lected  here  and  are  shown  in  example  form  in  Appendix  E.  However,  it 
was  considered  desirable  to  use  an  analytic  solution  for  determining  the 
best-fit  Mohr  rupture  lines  because  the  personal  judgment  involved  in 
drawing  these  lines  manually  is  open  to  question  in  many  cases.  Further¬ 
more,  an  analytic  solution  can  easily  include  a  statistical  evaluation  of 
confidence  in  the  test  results. 

The  nature  of  the  function  used  to  describe  the  Mohr  envelope  must 
be  chosen  with  careful  judgment.  In  this  investigation,  a  linear  envelope 
was  assu  med  for  each  series,  primarily  on  the  basis  of  plots  of  test 
results.  Assuming  this  linear  relationship,  the  method  chosen  to  calcu¬ 
late  the  best-fit  Mohr  envelope  was  introduced  by  Balmer  (1952)  and  is 
based  n  a  least  squares  procedure  for  fitting  a  line  to  experimental  data. 
The  details  of  the  method  are  briefly  listed  in  Appendix  C,  together  with 
a  Fortran  program  for  the  IBM  1620  digital  computer.  It  can  be  noted  that 
the  program  is  set  up  to  print  out  cohesion,  C,  tangent  of  the  angle  of 
internal  friction,  (b  ,  and  95  percent  confidence  limits  in  shearing  strength 
at  normal  stress  values  of  O,  mean  normal  stress  tor  the  Mohr  envelope, 
and  double  the  mean  normal  stress.  The  program  itself  is  admittedly  not 
the  most  efficient  program  possible  for  this  solution;  however,  in  view  of 
the  very  small  amount  of  computer  time  involved,  it  was  not  considered 
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that  further  work  on  improving  the  efficiency  of  the  program  was  justified. 

The  program  itself  can  be  used  for  up  to  20  Mohr  circles  in  a  ser¬ 
ies,  without  changing  it  to  reserve  more  memory  locations.  Input  of  data 
consists  of  punching  out  the  CT ^  and  CT^  values  for  each  Mohr  circle  on  one 
card.  Hence,  a  series  with  9  Mohr  circles  would  require  9  punch  cards 
of  data. 

It  is  considered  that  the  saving  in  time,  insofar  as  this  particular 
testing  program  was  concerned,  in  programming  Balmer’s  method  for  the 
IBM  1620  computer,  amounted  to  at  least  25  hours  work.  This  takes  into 
account  about  5  hours  spent  in  actual  programming,  checking  out  the  pro¬ 
gram  and  correcting  errors,  and  punching  out  the  data  on  punch  cards. 

Since  all  Mohr  envelopes  were  calculated  analytically  as  described, 
Mohr  circles  for  each  test  series  are  shown  only  with  original  data  sheets 
on  file  in  the  Department  of  Civil  Engineering,  University  of  Alberta,  ex¬ 
cept  for  an  example  of  a  typical  set  of  test  results  in  Appendix  F. 


CHAPTER  V 


DISCUSSION  OF  TESTING  PROCEDURES  AND  APPARATUS 

5:1  General 

It  was  considered  that  many  of  the  testing  procedures  used  for 
this  investigation,  as  well  as  the  concepts  involved,  may  be  contentious 
to  some  degree  but  are  in  any  case  quite  important  to  the  entire  program 
and  results.  Thus,  it  was  thought  advisable  to  devote  an  entire  chapter 
to  a  fairly  detailed  discussion  of  procedures,  concepts  involved,  appara¬ 
tus  used  and  reasons  for  using  some  of  the  particular  procedures. 

5:2  Size  of  Specimen 

The  specimen  size  selected  as  being  most  practical  and  which  was 
used  throughout  the  investigation  was  2  inches  in  diameter  by  4  inches 
long.  The  exception  (test  series  "A")  involved  preliminary  testing  of  2.8 
inch  diameter  by  6.5  inch  long  specimens  to  determine  the  angle  of  in¬ 
ternal  friction  of  the  untreated  sand  and  to  determine  the  feasibility  of 
using  this  specimen  size. 

A  further  advantage  in  using  the  2  inch  diameter  by  4  inch  specimens 
lies  in  the  considerable  past  and  current  investigational  work  performed 
by  the  Highways  Division  of  the  Research  Council  of  Alberta  on  soil  cement 
specimens  and  sand-asphalt  specimens,  using  a  wide  variety  of  sands. 
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5:3  Mixing  Time 

Preliminary  testing  indicated  that  thorough  mixing  of  water  with 
the  particular  sard  used  in  this  investigation  could  be  accomplished  in  30 
seconds  or  less  with  the  U  of  A  pugm.ill.  However,  limitations  of  time 
prevented  a  thorough  investigation  on  the  optimum  mixing  time,  if  such  a 
time  exists  in  reality  for  all  pertinent  variables  involved,  tor  the  different 
sand-asphalt  mixtures.  Consequently,  it  was  decided  to  use  a  constant 
mixing  tine  for  each  particular  group  of  sand-asphalt  series  to  eliminate 
possible  variations  in  results  within  a  particular  test  group  due  to  varying 
degrees  of  distribution  of  the  asphalt  binder.  This  constant  mixing  time 
was  chosen  on  the  basis  of  a  visual  appraisal  of  a  sand-asphalt  mixture 
within  a  particular  group. 

The  total  mixing  times  of  150  seconds  for  the  MC3  mixes  and  60 
seconds  for  the  hot  mixes  may  be  somewhat  high  in  comparison  to  prac¬ 
tical  field  orocedures.  However,  this  was  a  laboratory  investigation  which 
was  not  concerned  with  a  rate  of  production  but  with  producing  mixes  with 
satisfactory  distribution  of  asphalt. 

The  or.lv  deviation  from,  the  aforementioned  procedures  came  with 
the  foamed-asphalt  mixes  with  varying  molding  water  content.  Here, 
mixing  time  was  arbitrarily  increased  by  15  seconds  tor  eaer  4  percent 
less  molding  water  content  in  an  attempt  to  produce  me  same  degree  o: 
distribution  of  asphalt  for  each  mix.  Visual  inspection  indicated  mat  mis 


worked  verv  well  for  molding  water  contents  from  15  to  •  percent. 
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However,  for  3  percent  molding  water,  the  mixture  was  extremely  "spotty", 
with  a  very  poor  distribution  of  asphalt. 

5:4  Molding  Volatile  Content 

Optimum  volatile  contents  for  maximum  Standard  Proctor  dry  den¬ 
sity  of  the  MC3  mixes  were  established  by  Pennell  (1962)  and  it  was  con¬ 
sidered  that  duplication  of  this  work  was  not  necessary  for  this  investi¬ 
gation.  Consequently,  Pennell's  values  were  accepted.  Further  to  this, 
it  seemed  entirely  logical  and  consistent  with  field  procedure  to  mix  the 
aerated  MC3  mixes  at  optimum  volatile  content  and  then  dry  them  back  to 
the  desired  volatile  contents  prior  to  compaction. 

For  the  foamed  asphalt  mixes,  the  available  literature  (Csanyi, 

1  960)  indicates  that  the  proper  molding  water  content  for  a  good  distri¬ 
bution  of  asphalt  is  approximately  the  optimum  moisture  content  for  maxi¬ 
mum  Standard  Proctor  dry  density  of  the  material.  Since  the  pugmill  used 
was  rented  from  a  commercial  testing  firm  and  was  set  up  for  an  optimum 
batch  size  of  25  pounds,  it  was  decided  to  prepare  the  first  mixes  at  opti¬ 
mum  moisture,  rather  than  go  through  the  tedious  exploratory  work  of 
establishing  a  water  content  most  advantageous  to  final  mix  properties. 

Once  the  test  results  had  established  an  optimum  asphalt  content 
(based  on  maximum  cohesion  of  the  cured  series)  for  the  foamed  asphalt, 
series  at  this  constant  molding  water  content  of  15  percent,  the  next 
investigation  with  foamed  asphalt  tested  the  effect  of  varying  molding 
water  content.  This  was  accomplished  by  mixing  various  batches  of  foamed 
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asphalt  mixes  at  the  optimum  asphalt  content  but  with  molding  water  con¬ 
tents  decreasing  by  4  percent  for  each  mix.  As  far  as  distribution  of  as¬ 
phalt  was  concerned,  there  seemed  to  be  no  visible  difference  between  15 
and  7  percent  molding  water.  However,  as  mentioned  previously,  distri¬ 
bution  of  asphalt  at  3  percent  water  was  very  poor.  This  would  indicate 
the  existence  of  a  lower  critical  water  content  for  good  distribution  of  as¬ 
phalt  . 

The  foregoing  observations  point  out  the  need  for  more  work  on 
the  significance  of  moisture  in  the  foamed  asphalt  mixes,  especially  with 
regard  to  asphalt  distribution,  density,  strength  development,  durability 
characteristics  and  ranges  of  moisture  content  practical  for  field  condi¬ 
tions  and  varying  materials.  Insofar  as  field  conditions  are  concerned, 
it  is  noteworthy  that  a  foamed  asphalt  stabilization  project  north  of  Edmon¬ 
ton,  using  a  sand  quite  similar  to  the  McGinn  Pit  sand,  utilized  molding 

si/ 

water  contents  in  the  lower  range  of  those  investigated  in  this  Thesis."' 

5:5  Evaporation  of  Volatiles 

The  procedure  of  taking  a  wet  mix  out  of  the  pugmill  immediately 
after  mixing  and  transferring  it  to  plastic  bags  proved  effective  in  pre¬ 
venting  evaporation  and  not  overly  cumbersome  for  removal  ol  small 
scoops  of  material  for  each  compacted  layer. 

*  Personal  communication  with  W.  E.  Curtis. 
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This  procedure  was  followed  throughout  the  entire  testing  program, 
except  for  the  aerated  MC3  mixes  where  the  drying-back  was  accelerated 
in  a  forced  draft  oven  at  100°  F,  which  compares  closely  to  110°F  used  by 
Herrin  (1958)  and  by  White  (1962).  Since  the  objective  was  only  to  dry 
back  to  a  certain  predetermined  volatile  content  before  compaction,  ac¬ 
celerated  aeration  appears  reasonable  as  long  as  the  temperature  is  not  so 
high  as  to  alter  the  constituents  of  the  mix, 

5:6  Effect  of  Pugmill 

The  foamed  asphalt  mixes  were  prepared  in  a  pugmill  rented  from 
a  commercial  testing  firm,  whereas  all  other  mixes  were  prepared  in  the 
U  of  A  pugmill.  This  factor  could  have  some  bearing  on  comparison  of 
test  results;  however,  the  U  of  A  pugmill  had  not  been  set  up  for  foaming 
asphalt  at  the  time  of  this  investigation. 

A  current  investigation  at  the  University  of  Alberta,  by  Laplante, 
has  involved  setting  up  the  U  of  A  pugmill  for  foaming  asphalt.  Prelimi¬ 
nary  testing  in  Laplante's  investigation  showed  negligible  differences  in 
strength  properties  of  foamed  asphalt  mixes  prepared  in  either  pugmill, 
using  the  same  materials.  '* 

5:7  Density  Gradients,  Compaction  Technique  and  Particle  Orientation 

Pennell’s  investigation  (1962)  showed  that  a  double-plunger  type 
mold  with  dynamic  compaction  would  not  be  feasible,  although  ideally  this 


M> 
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Personal  communication  with  A.  Laplante 
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procedure  should  minimize  longitudinal  density  gradients  in  the  compacted 
samples.  Pennell  found  that  when  compacting  dry  samples  the  plunger  base 
would  not  move  up  into  the  mold:  conversely,  for  wet  samples,  it  would 
move  a  considerable  distance  into  the  mold.  This  necessitated  the  use  of 
a  solid  base  which  prevented  compaction  from  the  bottom  and  thereby  pro¬ 
duced  some  density  gradient  in  the  sample.  To  minimize  these  density 
gradients,  he  increased  his  blow  count  as  each  layer  was  added.  However, 
extensive  testing  by  the  Highways  Division  of  the  Research  Council  of  Al¬ 
berta  showed  negligible  density  variation  in  2  inch  diameter  by  4  inch  speci¬ 
mens  compacted  by  the  procedure  used  in  this  investigation. 

Particle  orientation  is  somewhat  dependent  on  compaction  method 
for  some  clays  (Seed,  1959).  However,  it  is  considered  that  for  the  uniform, 
rounded  quartz  sand  of  this  investigation,  particle  orientation  would  not 
differ  for  different  compaction  techniques,  at  comparable  density.  This 
does  not  mean  that  the  same  conclusion  holds  for  all  sands  and  perhaps  a 
future  investigation  to  compare  strength  relationships  of  sand-asphalt  mix¬ 
tures  compacted  by  various  methods  may  be  extremely  useful. 

5:8  Curing  of  Specimens 

The  curing  temperature  of  1  00°  F  was  selected  to  be  consistent  with 
work  by  Pennell  (1962),  Jones  (1962)  and  by  the  Highways  Division  of  the  Re¬ 
search  Council  of  Alberta  and  to  provide  a  basis  for  comparison  without  in¬ 
troducing  another  variable.  This  temperature  may  be  somewhat  high  in 
relation  to  usual  field  curing  temperatures,  but  evaporation  of  volatiles  from 
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all  surfaces  of  a  2  inch  diameter  specimen,  no  matter  what  the  curing 
temperature  is,  is  probably  far  more  inconsistent  with  field  procedure 
of  evaporation  from  the  top  surface  only  than  differences  in  curing  tem¬ 
perature.  Furthermore;  laboratory  curing  at  100°F  provides  a  controlled 
condition,  as  compared  to  curing  at  room  temperature  where  both  tem¬ 
perature  and  humidity  may  fluctuate. 

The  total  curing  period  of  7  days  was  again  selected  to  be  consis¬ 
tent  with  the  previously  noted  work  and  provided  sufficient  time  to  cure  the 
specimens  to  a  constant  weight.  Work  on  the  effect  of  curing  time  on 
strength  development  has  been  conducted  by  Herrin  (1958),  Jones  (1962) 
and  by  White  (1962). 

5:9  Immersion  and  Swelling  of  Specimens 

The  soaking  period  of  14  days  was  again  selected  to  be  consistent 
with  work  by  Pennell  (1962).  The  effects  of  variable  soaking  periods  have 
been  investigated  to  some  extent  by  White  (1962),  Knowles  (1962),  and  by 
Jones  (1962)  who  used  a  capillary  absorption  test.  Certainly,  14  days  im¬ 
mersion  appears  to  be  an  extremely  severe  test;  however,  it  should  show 
the  effectiveness  of  the  various  asphaltic  binders  as  waterproofing  agents, 
and  should  allow  for  sufficient  absorption  of  water  to  effectively  destroy 
all  the  apparent  cohesion.  In  any  case,  it  should  be  emphasized  that  cor¬ 
relations  of  moisture  conditions  between  field  conditions  and  such  labora¬ 
tory  immersion  tests  are  practically  non-existent  and  there  is  consideiable 
need  for  work  along  this  line.  Field  absorption  oi  moistui  e  either  takes 


70 


place  through  capillary  rise  of  water  or  by  free  water  percolating  down 
through  the  mass.  This  condition  may  differ  vastly  in  time  effects  and 
degree  of  absorption  when  compared  to  laboratory  immersion  of  a  2  inch 
diameter  specimen. 

Another  point  of  variance  between  field  and  laboratory  is  the  free- 
swelling  condition  of  immersed  laboratory  specimens,  whereas  a  base 
course  would  be  laterally  restrained.  Tins  may  be  an  extremely  impor¬ 
tant  point  when  considering  soaked  strengths,  especially  those  of  the 
foamed  asphalt  specimens,  and  would  point  out  the  possible  value  of  a 
laterally-restrained  soaking  resh  preferably  with  swelling  pressure 
measurements . 

Tr,e  procedure  of  soaking  a"  room  temperature  is  again  consistent 
with  work  by  Pennell  (1962)  and  Jones  1962)  and  appears  reasonable  in 
consideration  of  the  long  periods  involved. 

5:10  Wet"  Hot-3\Iixes 

The  procedure  used  for  these  rests  is  described  in  Appendix  B  and 
may  be  said  to  be  more  or  less  arbitrary  since  no  precedent  exists  for 
producing  this  particular  type  of  mixture.  The  uncompacted  hot-mix,  alter 
24  hours  cooling  at  room  temperature,  had  cemented  together  to  some  ex¬ 
tent;  however  it  was  easily  broken  up  into  individually  coated  grains  w'ith 
an  ordinarv  laboratory  scoop.  Mixing  of  water  in  this  mass  appeared  to  be 
as  easv  as  mixing  water  in  the  ordinary  sand.  Otherwise,  compaction, 
curing  and  soaking  procedures  were  the  same  as  tor  otner  mixes,  as  this 
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mix  was  produced  purely  for  comparative  purposes  and  to  gain  some  in¬ 
sight  into  fundamental  mechanisms  of  the  other  processes.  Certainly 
this  type  of  mixture  and  procedure  is  only  reasonable  from  the  point  of 
research  and  is  not  intended  for  practical  application. 

5:11  Triaxial  Test  Procedures 

Several  variables  within  this  procedure  may  be  of  concern. 
Essentially,  however,  test  conditions  were  set  to  coincide  with  and 
provide  a  basis  for  comparison  with  other  research  investigations. 

Testing  at  room  temperature  is  coincident  with  work  of  several 
other  investigators,  including  Pennell  (1962)  and  the  Highways  Division 
of  the  Alberta  Research  Council,  and  appears  to  be  a  reasonable  proce¬ 
dure,  mainly  from  the  point  of  convenience. 

No  drainage  was  allowed  during  the  triaxial  test,  a  condition 
theoretically  producing  a  constant  volume  test.  The  fact  that  the  Mohr 
rupture  envelopes  are  essentially  linear  within  the  range  of  lateral  pres¬ 
sures  employed,  suggests  that  no  neutral  pressures  were  set  up  during 
the  test.  Certainly,  the  range  of  lateral  pressures  used  seems  insuffi¬ 
cient  to  cause  consolidation  of  the  sand-asphalt  structure  within  the 
relatively  short  testing  period. 

It  is  considered  that  the  membranes  provided  negligible  lateral 
support  to  the  specimens.  This  is  borne  out  by  a  limited  number  of  com¬ 
pression  tests  on  samples  both  with  and  without  the  enveloping  membrane. 

The  air-over-water  pressure  device  used  to  maintain  cell  pressures 
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can  probably  be  controlled  to  within  0.  1  to  0.2  psi.  The  accuracy  of  the 
system  was  substantiated  by  checking  with  a  constant-pressure  mercury- 
pot  device  used  for  triaxial  testing  of  clay  soils. 

The  strain  rate  of  0.01  inches  per  minute  is  the  same  as  that  used 
by  Pennell  (1962)  and  is  considered  sufficiently  slow  to  be  in  the  relatively 
flat  range  of  a  strain  rate  versus  viscosity  curve.  As  shown  by  Goetz  and 
Schaub  (1959),  the  angle  of  internal  friction  varies  little  with  rate  of  de¬ 
formation,  but,  the  cohesion  does  vary  appreciably  at  strain  rates  over 
0.05  inches  per  minute  (using  4  inch  diameter  by  10  inch  specimens  of 
bituminous  concrete).  Carpenter  (1960)  has  concluded  that  cohesion  is  a 
function  of  strain  rate  (using  sand  asphalt  specimens  with  strain  rates  of 
0.1  and  3.5  inches  per  minute).  Knowles  found  that  for  2  inch  diameter  by 
5  inch  sand-asphalt  samples  with  5  percent  residual  asphalt  (using  an  SS-1 
emulsion),  there  was  very  little  difference  in  either  the  angle  of  internal 
friction  or  in  the  unit  cohesion  for  strain  rates  varying  from  0.011  to 
0.055  inches  per  minute.  This  is  substantiated  by  a  limited  amount  of 
testing  of  this  thesis  showing  that  within  the  range  of  reasonable  experi¬ 
mental  error,  cohesion  values  obtained  from  a  strain  rate  of  0.05  inches 
per  minute  showed  no  definite  variation  from  values  obtained  with  a  strain 
rate  of  0.01  inches  per  minute. 

The  range  of  lateral  pressures  used,  commonly  from  0  to  80  psi, 
in  10  psi  increments,  is  considered  to  define  the  linearity  or  lack  of 
linearity  of  the  Mohr  rupture  envelope  much  more  clearly  than  a  number  of 


73 


tests  at  one  lateral  pressure.  This  procedure  certainly  provides  a  much 
closer  picture  of  whether  the  envelope  is  curved  or  not  at  low  confining 
pressures.  Pennell  (1962),  after  having  used  a  procedure  of  a  number  of 
tests  at  one  lateral  pressure,  recommends  the  procedure  of  performing 
each  test  at  a  different  lateral  pressure. 


CHAPTER  VI 


SUMMARIES  OF  TEST  RESULTS 

1:1  Description  of  Tabular  and  Plotted  Results 

Table  5  shows  a  summary  of  all  test  results.  It  is  to  be  noted  that 
the  cohesion  and  friction  angle  values  listed  are  analytically  computed  by 
the  University  of  Alberta  IBM  1620  digital  computer.  Also  determined 
from  the  computer  solution  were  the  95  percent  confidence  limits  in  shear¬ 
ing  strength  at  normal  stress  values  of  zero,  mean  normal  stress  for  the 
series  of  Mohr's  circles,  and  double  the  mean  normal  stress.  The  double 
mean  normal  stress  is  at  the  approximate  highest  tangency  point  of  the 
Mohr  failure  circles  to  the  rupture  envelope.  All  Mohr  failure  circles 
used  in  determining  strength  relationships  are  "peak  point"  failure  circles 
(i.e.,  using  the  criterion  of  maximum  deviator  stress  for  failure)  and  are 
not  based  on  ultimate  strength  values.  Dry  unit  weights  listed  in  this  table 
and  shown  plotted  on  any  of  the  figures  are  "total  dry  unit  weights",  based 
on  an  oven  dry  weight  of  both  mineral  and  asphalt  residue.  Degrees  of 
saturation  that  are  listed  and  plotted  are  expressed  as  a  percentage  of 
voids  in  the  mineral  aggregate  not  filled  with  asphalt  residue.  Percent 
swell  is  the  volume  expansion  expressed  as  a  percentage  of  the  cured 
specimen  volume. 
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Figure  5  shows  the  results  of  the  triaxial  test  series  on  the  un¬ 
treated  sand  at  optimum  moisture  content.  The  Mohr  rupture  envelope  is 
drawn  by  personal  judgement  as  computer  calculations  were  not  obtained 
for  this  one  particular  series. 

Figure  6  shows  the  relationship  between  95  percent  confidence  limit 
and  number  of  specimens  for  a  typical  sand-asphalt  series.  This  curve 
was  used  to  determine  the  approximate  number  of  triaxial  test  specimens 
needed  to  define  the  Mohr  envelope  with  reasonable  accuracy. 

Figures  7  and  9  to  14  show  strength  envelopes  for  the  various  pro¬ 
cesses  while  Figures  15  and  16  show  comparisons  of  the  strength  envelopes 
at  the  optimum  asphalt  content.  Figure  8  shows  a  plot  of  compaction 
temperature  versus  unit  weight  for  a  hot-mix. 

The  Mohr  rupture  envelopes  shown  in  Figures  7,  9  to  14,  and  15 
and  16  are  all  analytically  determined  and  are  shown  without  the  failure 
circles.  Each  envelope  extends  only  as  far  as  its  last  point  of  tangency 
with  a  failure  circle  (i.e.,  the  failure  circle  for  the  triaxial  test  at  the 
largest  confining  pressure  used  for  the  series).  In  other  words,  no  extra¬ 
polations  of  these  envelopes  were  made  and  within  the  ranges  shown  they 
are  statistically  defined.  All  strength  envelopes  are  assumed  linear  in  the 
analytic  solution  used. 

Figures  17  and  18  show  the  relationships  between  cohesion  and 
percent  asphalt  and  between  friction  angle  and  percent  asphalt. 

Figure  19  shows  the  curing  and  soaking  curves  for  the  foamed 
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asphalt  specimens.  Also  shown  on  these  plots  are  the  degrees  of  satura¬ 
tion  after  compaction  and  after  soaking.  Similar  curing  curves  are  not 
shown  for  the  MC3  or  the  "Wet"  hot-mixes  as  the  data  on  daily  weight 
readings  is  incomplete. 

Figure  20  shows  the  relationship  between  cohesion  and  total  dry 
unit  weight  and  Figure  21  shows  the  relationship  between  total  dry  unit 
weight  and  percent  asphalt,  for  the  various  processes. 

Figure  22  shows  the  relationship  between  swelling  and  percent 
molding  water,  at  a  constant  asphalt  content,  and  between  swelling  and 
percent  asphalt,  at  a  constant  molding  water  content,  for  the  foamed  as¬ 
phalt  mixtures. 

Stress-strain  curves  for  specimens  of  each  process  at  optimum 
asphalt  content,  20  psi  lateral  pressure,  0.01  inches  per  minute  strain 
rate  and  room  temperature  for  testing,  are  shown  in  Figure  23.  Figure 
2  3  also  shows  the  initial  tangent  modulus  of  deformation  for  each  curve. 
These  moduli  values  are  very  approximate  as  the  initial  tangents  were 
drawn  by  personal  judgement. 

Table  6  contains  a  very  brief  qualitative  microscopic  examination 
of  the  various  sand-asphalt,  mixtures,  using  the  writer's  own  terminology. 

The  Appendices  contain  sand  classification  data,  detailed  proce¬ 
dures  of  testing,  the  analytic  method  of  determining  the  best-fit  Mohr  en¬ 
velopes,  sample  calculations,  sample  data  sheets,  sample  series  of  Mohr 
failure  circles,  and  other  information  of  insufficient  importance  to  warrant 
its  inclusion  into  the  main  body  of  the  thesis. 
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4QX  MICROSCOPIC  EXAMINATION  OF  SAND-ASPHALT  MIXTURES 


Type  of  Mix 
MC3  Mixes 

Observations 

Asphalt  distribution  appears  very  good  to  the  naked  eye. 
However,  under  microscope,  many  particles  (at  least  50%) 
covered  with  very  thin,  shiny,  practically  transluscent 
films.  Many  particles  covered  with  thick,  opaque  films 
(i .  e . ,  non-uniform  distribution  of  binder  from  particle  to 
particle,  although  total  mix  distribution  good).  Some  ag¬ 
glomerations  of  very  small  fines  or  beads  of  binder  attached 
randomly  to  particle  surfaces. 

Hot-Mixes 

Asphalt  distribution  throughout  the  mix  looks  very  uniform 
to  the  naked  eye.  However,  under  microscope,  many  par¬ 
ticles  (about  50%)  are  covered  with  very  thin,  practically 
transluscent  and  shiny  films,  while  others  are  covered  with 
thick  opaque  films,  also  shiny.  Also,  most  particles  appear 
to  have  agglomerations  of  very  fine  material  or  beads  of 
binder  clinging  or  stuck  randomly  to  their  surfaces. 

Cured  "Wet" 
Hot-Mix 

Very  uniform  distribution  of  binder  throughout  mix  accord¬ 
ing  to  the  naked  eye.  However,  microscopic  examination 
showed  some  particles  to  have  a  very  thin,  shiny  and  prac¬ 
tically  transluscent  covering  of  binder  (appearing  light  and 
"oily")  while  others  were  completely  covered  with  very 
thick,  opaque  films  of  asphalt.  All  particles  had  "beads" 
or  agglomerations  of  pure  binder  or  fines  randomly  stuck 
to  their  surfaces. 

Cured  Foamed 
Asphalt  Mixes 

Asphalt  distribution  appears  no  better  than  for  any  other 
mix  to  the  naked  eye.  However,  microscopic  examination 
showed  a  much  more  uniform  asphalt  film  thickness  on 
the  individual  particles,  than  for  any  mixes  by  other  pro¬ 
cesses  tested,  with  very  few  (less  than  10%)  particles 
covered  with  the  very  thin,  shiny  and  transluscent  films 
on  particles  of  the  other  mixes  examined.  Also,  fines 
seemed  to  be  more  efficiently  arranged  into  the  voids  with 
less  agglomerations  on  surfaces  of  particles  than  in  the 
other  mixes.  Coated  particles  did  not  have  the  shiny 
appearance  under  the  microscope  that  was  characteristic 
of  the  hot-mixes  and  the  thinly  covered  particles  of  the 
other  mixes . 

CHAPTER  VII 


DISCUSSION  AND  INTERPRETATION  OF  RESULTS 

7:1  General 

This  chapter  contains  detailed  interpretations  and  discussions  of 
test  results  and  generalized  discussions  of  their  relation  and  significance 
to  other  test  results.  Since  the  investigation  was  concerned  with  com¬ 
paring  fundamental  strength  characteristics  and  their  relationship  to  the 
associated  fundamental  mechanisms,  these  discussions  are  more  or  less 
theoretical  in  nature.  However,  whenever  possible,  the  significance  and 
meaning  of  the  test  results  to  practical  field  conditions  are  implied  or 
stated,  as  the  long  range  objective  of  any  investigation  of  this  sort  in¬ 
variably  lies  in  its  eventual  application  to  the  practical  problem.  Thus, 
a  suggested  design  mix,  using  the  foamed  asphalt  process  and  the  McGinn 
Pit  sand,  is  summarized  at  the  end  of  this  chapter.  It  is  based  not  on  the 
highest  laboratory  strengths  available  but  on  a  laboratory  mix  with  reaso¬ 
nably  high  strength  and  reasonable  application  to  practical  field  methods. 

7:2  Strength  of  Untreated  Wet  Sand 

As  indicated  in  Chapter  V,  this  test  series  was  of  a  preliminary 
nature  to  determine  the  angle  of  internal  friction  of  the  sand.  The  speci¬ 
men  size  was  2.8  inch  diameter  by  6  inches  long,  the  same  as  thai  used 


99 


100 


by  Pennell  (1962). 

Figure  5  shows  an  angle  of  internal  friction  for  the  pure,  wet 
sand  of  36  degrees  and  a  unit  cohesion  of  2.5  psi.  Pennell’s  results  (1962) 
showed  an  angle  of  internal  friction  for  the  same  specimens,  cured  for  7 
days  at  100°  F,  of  47. 5  degrees  and  a  unit  cohesion  of  43  psi.  It  must  be 
remembered  though  that  internal  dessication  of  the  cured  samples  resul¬ 
ted  in  high  effective  stresses.  As  tabled  by  Terzaghi  and  Peck  (1948,  p. 
82),  a  representative  value  for  the  angle  of  internal  friction  of  a  uniform 
sand  with  rounded  grains,  in  a  dense  state,  is  35  degrees.  Thus,  the 
value  of  36  degrees  obtained  in  this  investigation,  for  the  particular  uni¬ 
form  and  rounded  sand  used,  appears  to  be  a  reasonable  value. 

Pennell's  high  cohesion  value  of  43  psi  was  certainly  apparent 
cohesion,  as  evidenced  by  the  fact  that  his  cured  samples  of  the  untreated 
sand  rapidly  slaked  in  water.  Since  apparent  cohesion  depends  only  on 
the  strength  of  the  bond  between  sand  particles,  an  explanation  for  this 
may  lie  in  the  fact  that  the  dry  density  of  his  cured,  untreated  sand  was 
generally  higher  than  the  total  dry  density  of  sand-asphalt  specimens  of 
this  investigation. 

The  cohesion  value  of  2.5  psi  for  the  wet  sand  seems  to  be 
reasonable  in  that  the  sand  had  little  or  no  plastic  fines  and  appeared  ro 
be  essentially  cohesionless. 

7:3  Strength  of  Cutback  Asphalt  Stabilized  Sand 

A  different  MC3  supply  was  used  for  the  aerated  series  than 
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ior  the  series  compacted  immediately  after  molding.  However,  the  differ¬ 
ence  in  asphalt  residue  properties  of  these  two  cutbacks,  as  shown  in 
Chapter  III,  was  probably  insignificant  compared  to  the  effects  on  test 
results  of  procedural  errors  and  material  variabilities. 

Figure  7  shows  comparatively  that  within  the  range  of  cutback 
asphalt  contents  used,  3  to  7  percent  MC3,  there  was  essentially  very 
little  difference  in  shearing  strength  of  the  compacted,  cured  samples. 

The  friction  angle  was  not  related  to  asphalt  content,  within  the  ranges 
used,  as  shown  in  Figure  18,  but  the  cohesion  is  shown  in  Figure  1  7  to 
have  risen  slightly  from  10.6  psi  at  3  percent  MC3  to  15.5  psi  at  5  per¬ 
cent  MC3  and  then  drop  back  off  to  8.4  psi  at  7  percent  MC3.  This  would 
indicate  that  5  percent  MC3  was  an  optimum  asphalt  content  for  maximum 
cohesion  for  cured  samples.  Friction  angle  values  ranged  from  34.0  to 
36.0  degrees,  which  was  very  close  to  the  value  of  36  degrees  for  the 
pure  sand.  Thus,  it  appears  that  the  addition  of  the  cutback  asphalt  to  this 
particular  sand  lowered  the  angle  of  internal  friction  only  very  slightly  but 
did  give  the  stabilized  mixture  some  cohesion.  Also,  from  these  cured 
specimens  it  appears  that  strength  properties  were  not  too  sensitive  to 
asphalt  content  within  the  ranges  used.  In  other  words,  a  variation  of  MC3 
content  from  4  percent  to  6  percent  would  produce  very  little  difference  in 
strength  properties  of  the  resultant  compacted  and  cured  samples. 

Pennell's  results  (1962).  for  2.8  inch  diameter  by  6.5  inch  long 
cured  MC3  specimens,  showed  unit  cohesion  to  range  from  I  8. 5  psi  a:  3 
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percent  MC3  to  11.5  psi  at  5  percent  MC3  to  8  psi  at  7  percent  MC3  and 
the  friction  angle  to  vary  from  42  degrees  at  3  percent  MC3  to  37.5  de¬ 
grees  at  5  and  7  percent  MC3.  Thus,  as  far  as  unit  cohesion  is  concerned, 
his  results  essentially  agree  with  those  of  this  investigation.  However, 
Pennell’s  friction  angle  values  were  somewhat  higher  and  followed  the 
generally  accepted  pattern  of  decreasing  with  increasing  asphalt  content. 
There  are  at  least  three  possible  reasons  why  these  friction  angles  were 
higher  than  those  of  this  investigation.  The  first  concerns  better  distri¬ 
bution  of  binder  with  pugmill  mixing  as  compared  to  Pennell’s  hand¬ 
mixing.  As  previously  noted,  Section  5:11,  Pennell  did  not  have  access 
to  pugmill  mixing;  hence,  his  distribution  of  asphalt,  by  a  visual  apprai¬ 
sal,  was  somewhat  "spotty11.  This  would  of  course  result  in  more  grain 
to  grain  contact  of  uncoated  sand  particles  than  in  the  better  distributed 
mixes.  The  second  reason  lies  in  the  fact  that  his  total  dry  densities 
generally  were  3  pounds  per  cubic  foot  greater  than  those  of  this  inves¬ 
tigation.  Another  reason  for  the  discrepancy  could  result  from  the  differ¬ 
ent  specimen  sizes  of  the  two  investigations. 

Strengths  of  immersed  specimens  were  not  determined  for  this 
thesis.  However,  as  found  by  Pennell  (1962),  Jones  (1962)  and  by  White 
(1962),  a  considerable  loss  in  cohesive  strength  of  cutback  asphalt  speci¬ 
mens  occurred  upon  immersion.  Pennell's  14  day  immersion  showed 
cohesion  values  to  drop  to  about  2  to  3  psi  for  all  specimens,  with  a  cor¬ 
responding  drop  in  friction  angle  of  1  to  2  degrees.  The  loss  ot  apparent 
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cohesion  and  resultant  loss  of  internal  stresses  and  grain  to  grain  con¬ 
tacts  likely  caused  the  consequent  loss  of  internal  friction  in  Pennell's 
samples.  On  the  basis  of  unconfined  compressive  strength,  Jones'  results 
(1962)  showed  that  the  absorption  of  only  very  small  amounts  of  water,  in 
a  capillary  absorption  test,  resulted  in  greatly  reduced  strength  values. 
Actually  these  strength  values  were  only  very  slightly  higher  than  those  for 
14  day  immersed  specimens,  although  the  immersed  specimens  had  ab¬ 
sorbed  5  to  6  times  as  much  water.  However,  Jones  pointed  out  that  his 
results  must  be  viewed  hesitantly  since  failure  in  the  capillary  absorp¬ 
tion  specimens  may  have  occurred  in  the  bottom  saturated  portion  of  the 
specimen.  In  any  case,  it  seems  that  immersion  of  cutback  asphalt  sta¬ 
bilized  specimens  for  14  days  should  be  quite  effective  in  destroying  any 
apparent  cohesion. 

Aeration  or  drying-back  of  specimens  to  provide  high  initial  sta- 
bili  ty  has  previously  been  discussed  in  Section  2:12,  where  it  was  noted 
that  Herrin  (1958)  and  White  (1962)  have  conducted  studies  into  this  phase 
of  soil-asphalt  stabilization.  Figure  14  shows  that  drying-back  5  percent 
MC3  stabilized  specimens  from  13.2  percent  mixing  volatile  content  to 
10  percent  volatiles,  before  compaction,  resulted  in  no  loss  in  shearing 
strength  for  7  day  cured  specimens.  However,  drying-back  to  7  percent 
volatiles  before  compaction  resulted  in  about  a  25  percent  loss  in  cohe¬ 
sion  of  cured  specimens.  Further  drying-back  to  4  percent  volatiles  be¬ 
fore  compaction  resulted  in  a  comparative  50  percent  diop  in  cohesion. 
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The  air  dry  sand  mixed  with  the  same  MC3  content,  compacted  immedia- 
tely,  and  cured,  showed  a  cohesion  of  only  3.8  psi,  which  illustrates  that 
water  is  needed  in  cutback  asphalt  stabilization  for  distribution  of  asphalt 
and  for  density  requirements.  Figure  14,  and  Table  5,  shows  that  the 
angle  of  internal  friction  was  about  3  to  4  degrees  lower  for  specimens 
compacted  at  4  percent  volatiles  than  for  specimens  compacted  at  13.2  or 
10  percent  volatiles.  This  could  have  resulted  primarily  from  lower  den¬ 
sity  at  lower  volatile  contents.  Essentially  then,  these  results  agree  quali 
tatively  with  the  work  of  Herrin  (1958),  where  it  was  shown  that  high  ini¬ 
tial  stability  depended  on  aeration,  but  final  stability  was  considerably 
lowered  if  aeration  progressed  too  far  before  compaction  (i.e.,  beyond 
the  point  where  evaporation  rate  of  the  volatiles  "levels  off").  The  work 
of  Katti,  et  al  (1959),  also  agrees  in  that  they  found  the  highest  final  sta¬ 
bility  to  occur  for  compaction  immediately  after  mixing,  with  no  drying- 
back.  Also,  the  results  of  this  investigation  agree  more  with  Katti  (1959) 
than  with  Herrin  (1958)  as  far  as  density  is  concerned,  in  that  cohesive 
strength  definitely  dropped  with  a  density  drop.  The  writer  would  like  to 
emphasize  though  that  the  results  of  this  phase  of  the  investigation  repre¬ 
sent  a  very  limited  range  of  conditions.  However,  it  appears  reasonable 
to  conclude  that  the  highest  final  stability  of  a  cutback  stabilized  sand- 
asphalt  mix  occurs  with  no  drying-back  or  very  little  drying-back  before 
compaction.  It  follows  from  this  that  if  initial  stability  is  needed,  compac 
tion  should  be  carried  out  immediately  when  the  required  initial  stability 
is  reached,  without  further  drying-back. 
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7:4  Strength  of  Hot-Mix  Sand  Asphalt 

Very  little  information  exists  on  hot-mix  stabilization,  probably 
as  a  result  of  the  economic  disadvantages  involved  with  this  procedure. 
However,  the  laboratory  work  in  this  line  was  considered  desirable  from 
the  point  of  fundamental  strength  comparisons,  especially  to  those  of 
foamed  asphalt  mixes. 

The  actual  process  appeared  to  work  very  well  but  the  resultant 
strength  values.  Figure  9,  were  very  low  in  that  unit  cohesion  rose  from 
a  low  of  3.  0  psi  at  5. 5  percent  asphalt  to  5 . 1  psi  at  4. 2  percent  asphalt 
and  dropped  back  to  3. 3  psi  at  2. 3  percent  asphalt.  The  angle  of  internal 
friction  was  practically  constant  at  32.3  to  32.6  degrees,  as  compared 
to  values  of  34  to  36  degrees  for  the  non-aerated  MC3  mixes.  This  lower 
friction  angle  seems  reasonable  in  that  total  dry  densities  of  the  MC3 
series  were  104.8  pounds  per  cubic  foot  at  5  percent  MC3  as  compared 
to  only  97.  7 pounds  per  cubic  foot  at  a  comparable  asphalt  residue  con¬ 
tent  for  the  hot-mix.  As  shown  on  the  plot  of  unit  weight  versus  compac¬ 
tion  temperature,  Figure  6,  very  little  increase  in  density  would  have 
occurred  by  raising  the  compaction  temperature  to  300  F  for  the  hoi  = 
mixes.  This  suggests  that  for  the  same  compactive  effort  much  better  lu¬ 
brication  between  particles  during  compaction  is  afforded  by  water  and 
cutback  solvent  than  by  hot  asphalt  cement.  One  may  reasonably  conclude 
then  that  the  low  strengths  of  the  hot-mix  specimens  probably  resulted 
primarily  from  their  low  densities. 
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Figure  10,  containing  a  series  of  strength  envelopes  for  hot-mixes 
of  variable  compactive  effort,  shows  that  while  cohesion  was  not  markedly 
increased  with  increased  density,  friction  angle  definitely  increased  with 
compactive  effort.  This  increase  ranged  from  28.5  degrees  at  1/2  Stan¬ 
dard  Proctor  to  36.6  degrees  at  8  Standard  Proctor,  which  supports  the 
previous  conclusion  that  low  shearing  strengths  of  the  hot-mix  specimens, 
compared  to  the  MC3  specimens,  were  primarily  the  result  of  lower  den¬ 
sities.  In  other  words,  at  comparable  density,  the  hot-mix  process  pro¬ 
duced  essentially  the  same  shearing  strength  as  the  MC3  process,  although 
it  must  be  remembered  that  the  hot-mix  required  8  times  the  compactive 
effort  to  achieve  this  comparable  density. 

As  a  matter  of  supplementary  interest,  at  the  optimum  asphalt 
content  and  Standard  Proctor  density,  the  percent  air  voids  in  the  hot- 
mix  specimens  was  about  40  percent.  In  the  same  mix,  with  8  Standard 
Proctor  compaction,  the  percent  air  voids  of  this  material  was  still  about 
34  percent.  Keeping  in  mind  the  uniform  character  of  the  sand,  with  no 
mineral  filler,  one  may  compare  this  to  3  to  5  percent  voids  for  a  well 
graded  asphaltic  concrete  designed  for  medium  traffic  by  Asphalt  Insti¬ 
tute  Specifications. 

7:5  Strength  of  Foamed  Asphalt  Stabilized  Sand 

Figure  11  shows  strength  envelopes  for  both  cured  and  soaked 
series  of  foamed  asphalt  stabilized  sand  with  varying  asphalt  content  and 
constant  molding  water  content.  As  shown,  the  cohesive  strengths  ranged 
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from  59.8  psi  at  2.3  percent  asphalt  to  a  high  of  66.5  psi  at  4.2  percent 
asphalt  and  then  down  to  52.3  psi  at  5.5  percent  asphalt  and  48.6  psi  at 
8.0  percent  asphalt.  Compared  to  Pennell’s  results  (1962),  these  unit  co¬ 
hesion  values  were  nearly  as  high  as  for  his  Portland  cement  stabilized 
sand  and  were  approximately  4  times  as  high  as  the  cohesion  values  of 
the  MC3  series  of  this  and  Pennell’s  investigation.  Friction  angle  again 
appeared  not  related  to  asphalt  content,  within  the  ranges  used,  and  varied 
from  30.2  to  32.6  degrees.  These  values  were  generally  3  to  4  degrees 
lower  than  for  the  MC3  mixes  and  the  probable  reason  for  this  lies  in 
better  distribution  of  asphalt,  with  less  grain  to  grain  contact,  in  the 
foamed  asphalt  mixes.  Another  point  of  note,  as  far  as  test  results  are 
concerned,  is  that  the  foamed  asphalt  mix  densities  were  generally  1  to 
3  pounds  per  cubic  foot  higher  than  were  the  MC3  mix  densities  and  6 
pounds  per  cubic  foot  higher  than  the  hot-mix  densities,  at  comparable 
asphalt  content,  although  it  must  be  remembered  that  the  MC3  mixes  were 
prepared  at  optimum  volatile  content  and  the  foamed  asphalt  mixes  at  an 
arbitrary  water  content  of  15  percent.  Also,  at  compaction,  the  foamed 
asphalt  mixes  had  degrees  of  saturation  15  to  30  percent  higher  chan  the 
MC3  mixes  at  comparable  asphalt  content,  as  shown  in  Table  5.  This  was 
visually  apparent  when  compacting  the  foamed  asphalt  mixes  in  that  the 
specimens  showed  some  free  water,  especially  at  the  higher  asphalt  con  ¬ 
tents.  This  would  suggest  that  a  molding  water  content  of  15  percent  would 
be  too  high  for  practical  field  compaction  and  curing  of  these  mixtui  es. 
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Moisture-density  plots  for  variable  asphalt  content  would  show  an  opti¬ 
mum  molding  water  content  for  maximum  density,  but,  as  discussed  in 
Chapter  V,  it  was  not  possible  to  determine  these  relationships. 

Instead  of  determining  a  series  of  these  moisture-density  curves, 
the  effects  of  varying  moisture  content  at  the  optimum  asphalt  content  of 
4.2  percent  were  investigated.  The  strength  relationships  for  this  phase 
of  the  investigation  are  shown  in  Figure  13,  where  it  can  be  seen  that  de¬ 
creasing  the  molding  water  content  resulted  in  a  drop  in  cohesion  from 
66.5  psi  at  15  percent  molding  water  to  44.4  psi  at  11  percent  molding 
water,  40.9  psi  at  7  percent  molding  water  and  down  to  13.0  psi  at  3  per¬ 
cent  molding  water,  for  the  cured  specimens.  This  illustrates  that  for 
these  particular  conditions,  molding  water  can  be  decreased  down  to  a 
point  (i.e.,  7  percent  in  this  case)  with  not  too  great  a  drop  in  cohesion  of 
cured  specimens,  but  when  the  molding  water  content  becomes  too  low 
there  is  a  drastic  loss  in  cohesive  strength.  This  would  suggest  that  the 
cohesive  strength  development  of  cured,  foamed  asphalt  mixes  is  rela¬ 
tively  insensitive  to  molding  water  content,  provided  this  molding  water 
content  is  kept  above  a  certain  minimum. 

Friction  angle  values  for  the  variable  molding  water  content  speci¬ 
mens  were  generally  about  2  degrees  higher  than  the  values  for  variable 
asphalt  content  specimens.  This  could  have  been  largely  the  result  oi 
poorer  asphalt  distribution  with  more  grain  to  grain  contact  in  the  mixes 
at  lower  water  content.  It  may  also  be  noted  that  visually  there  was  no 
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difference  in  degree  of  distribution  of  the  asphalt  between  15  and  7  per¬ 
cent  molding  water.  However,  at  3  percent  molding  water,  the  distribution 
of  asphalt  was  very  poor  with  noticeable  accumulations  of  pure  binder  and 
large  areas  of  uncoated  sand. 

Soaked  strengths  of  all  the  foamed  asphalt  mixes,  as  shown  in 
Figures  11  and  13,  were  considerably  lower  than  cured  strengths.  Cohe¬ 
sion  values  all  dropped  to  only  8  to  16  percent  of  the  cured  specimen 
values  while  the  friction  angle  remained  about  the  same  for  each  series. 
For  only  3  percent  mixing  water,  about  one  half  the  samples  disintegrated 
during  immersion,  probably  because  of  the  very  poor  distribution  of  as¬ 
phalt. 

Figure  19  shows  generally  that  increased  asphalt  content  resulted 
in  lower  water  absorption,  as  did  increased  molding  water  content,  for 
the  foamed  asphalt  mixes.  This  seems  reasonable  from  the  point  of  less 
available  void  space  for  absorption  of  water. 

7:6  "Wet"  Hot-Mix  Sand-Asphalt 

This  rather  unusual  series  was  run  primarily  in  an  attempt  to  un¬ 
derstand  or  explain  the  very  high  cured  strengths  of  the  foamed  asphalt 
specimens . 

As  explained  in  Chapter  V,  a  conventional  hot-mix,  after  having 
cooled,  was  mixed  with  15  percent  water,  compacted  and  cured.  This 
was  intended  to  simulate  the  foamed  asphalt  process  by  coating  particles 
with  asphalt  and  then  compacting  the  cold  mass  at  the  same  water  concent 
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as  the  foamed  asphalt  mixtures.  It  was  hoped  to  there  by  determine  what 
portion  of  the  high  cohesive  strengths  of  the  foamed  asphalt  mixtures  was 
due  to  apparent  cohesion  from  drying  out  of  the  water.  As  the  results  show, 
Figure  12,  the  cured  "wet"  hot-mix  series  had  a  unit  cohesion  of  10.0  psi 
and  a  friction  angle  of  32.8  degrees.  This  10.0  psi  was  less  than  one 
sixth  the  value  of  a  comparable  foamed  asphalt  mix  and  the  conclusion 
would  be  that  drying  out  of  the  water  phase  contributes  relatively  little  to 
the  very  high  cohesive  strengths  of  the  cured,  foamed  asphalt  specimens. 

The  soaked  "wet"  hot-mix  series  showed  a  unit  cohesion  of  5.2 
psi.  Figure  12,  which  is  very  similar  to  the  value  for  all  other  soaked 
series.  In  other  words,  it  appears  that  of  the  10.0  psi  unit  cohesion  of  the 
cured  specimens,  about  5  psi  could  be  attributed  to  apparent  cohesion. 

It  may  be  noted  that  when  this  particular  series  was  decided  upon, 
insufficient  appreciation  was  given  to  the  fact  that  the  particles  would  re¬ 
ceive  their  asphalt  coatings  in  quite  dissimilar  manners  in  the  two  pro¬ 
cesses.  Nevertheless,  once  the  particles  had  been  coated,  the  action  of 
the  water  during  compaction  should  have  been  the  same  for  both  processes. 
In  view  of  this,  it  is  rather  difficult  to  understand  why  the  total  dry  unit 
weight  of  the  foamed  asphalt  mixture  should  have  been  approximately  5 
pounds  per  cubic  foot  higher  than  for  the  comparable  "wet"  hot-mix,  as 
shown  in  Table  5,  mainly  because  each  process  has  the  same  asphalt  con¬ 
tent  and  the  same  water  content  at  compaction  and  the  water  should  theore¬ 
tically  have  had  the  same  lubricating  effect.  However,  a  consideration  of 
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asphalt  distribution  may  help  to  partially  explain  this,  in  that  a  more  uni¬ 
form  distribution  of  asphalt  around  the  particles  in  the  foamed  asphalt 
process  could  facilitate  a  closer  orientation  of  the  particles.  In  addition, 
the  viscosity  of  the  foamed  asphalt  binder  may  have  been  somewhat  lower 
at  compaction,  although  the  foamed  asphalt  mixes  had  cooled  24  hours  be¬ 
fore  compaction.  Another  possible  explanation  could  be  that  in  the  "wet" 
hot-mix  process,  many  of  the  fine  particles  adhered  to  the  larger  particles 
in  a  random  manner  after  mixing  and  cooling,  with  the  result  that  when 
water  was  introduced  into  the  mixture  it  was  inefficient  in  orienting  these 
fines  into  the  larger  void  spaces.  In  the  foamed  asphalt  process,  even 
though  the  fine  particles  may  also  have  been  coated  with  asphalt,  they  were 
probably  separated  from  other  particles  by  a  film  of  water,  with  the  re¬ 
sult  that  they  could  be  much  more  efficiently  and  easily  moved  and  packed 
into  the  larger  void  spaces,  with  a  resultant  higher  density.  These  expla¬ 
nations  are  supported  by  the  microscopic  examinations  of  the  various  sand- 
asphalt  mixtures.  Table  6. 

Thus,  although  the  "wet”  hot-mix  process  is  somewhat  unrealis¬ 
tic  from  a  practical  viewpoint,  it  has  at  least  served  a  useful  purpose  as 
a  research  tool  in  demonstrating  that  the  foamed  asphalt  process  could 
not  be  duplicated,  both  from  the  point  of  cured  strengths  and  the  fundamen  - 
tal  mechanisms  involved. 

7:7  Strength  Comparisons 


Previous  discussions  in  this  chapter  have  outlined  in  some  detail 
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the  shear  strength  results  of  sand  asphalt  mixtures  produced  by  the  various 
processes.  To  sum  this  up,  Figures  15  and  16  graphically  compare  these 
results  for  the  various  processes  at  optimum  asphalt  content. 

Figure  15,  showing  cured  strengths,  illustrates  the  very  strik¬ 
ing  difference  in  cohesive  strength  between  the  cured,  foamed  asphalt 
mixtures  and  the  cured  mixtures  by  the  other  processes.  It  must  be  noted 
that  although  the  shearing  strength  of  a  cured,  foamed  asphalt  mixture 
was  at  least  4  times  that  of  any  other  cured  sand-asphalt  of  this  investi¬ 
gation  at  zero  normal  stress,  at  50  pounds  per  square  inch  normal  stress 
the  foamed  asphalt  mixture  possessed  only  approximately  double  the 
shearing  strength  of  the  other  mixtures.  In  other  words,  the  superiority 
of  the  cured,  foamed  asphalt  mixture  was  increased  as  the  normal  stress 
was  decreased.  This  is  one  reason  why  the  unconfined  compression  test 
has  many  shortcomings,  because  it  compares  shear  strength  at  zero  nor¬ 
mal  stress  and  therefore  may  exaggerate  the  superior  structural  quali¬ 
ties  of  a  material. 

Figure  16  shows  that  under  the  severe  14  day  immersion  the 
foamed  asphalt  stabilized  sand  lost  a  very  considerable  portion  of  its 
shearing  strength  to  result  in  very  nearly  the  same  strengths  as  those 
of  sand-asphalt  mixtures  of  the  MC3  process,  which  were  similarly  im¬ 
mersed,  or  of  the  hot-mix  process. 

These  results  pose  two  major  questions:  (i)  Why  did  the  foamed 
asphalt  process  result  in  cured  sand  asphalt  mixtures  of  supei  ioi  su  uc 
tural  strength  as  compared  to  more  conventional  sand-asphalt  mixtures? 
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(ii)  Why  did  soaking  result  in  such  a  considerable  strength  loss  for  the 
foamed  asphalt  mixtures? 

The  answers  to  these  questions  must  be  concerned  with  an  exami¬ 
nation  of  possible  influencing  variables.  Since  the  materials,  conditions 
of  curing,  conditions  of  soaking  and  conditions  of  testing  were  constant 
throughout,  one  must  consider  such  variables  as  density,  asphalt  content, 
physical  differences  in  the  asphalt  binder  and  varying  apparent  friction  or 
internal  stress  forces. 

The  test  results,  as  shown  in  Table  5,  particularly  Series  B-4, 

D-3  and  E-4,  indicate  that  the  effects  of  density  or  void  ratio  differences 
should  not  have  accounted  for  more  than  a  minor  influence  on  the  strength 
variations.  In  other  words,  at  nearly  comparable  total  dry  density  and  at 
approximately  comparable  asphalt  content,  the  foamed  asphalt  process 
resulted  in  much  higher  cured  strengths  than  did  the  MC3  process.  In 
addition,  at  approximately  comparable  density,  the  hot-mix  process  re¬ 
sulted  in  strengths  similar  to  those  of  the  MC3  specimens. 

Asphalt  content,  as  subsequently  explained,  appears  to  have  had 
some  influence  on  shearing  strength  within  a  particular  test  group;  how¬ 
ever,  in  comparing  the  three  processes,  as  shown  in  Table  5,  it  appears 
that  the  prime  influence  asphalt  content  may  have  had  is  in  contributing 
to  density  variations.  It  may  be  argued  that  asphalt  content  could  have 
affected  strength  characteristics  insofar  as  film  thicknesses  wei  e  conceined. 
However,  it  is  the  opinion  of  the  writer  that  due  to  the  available  void  spaces 
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existing  within  the  mixtures,  increasing  asphalt  content  likely  aided  in 
filling  these  void  spaces  rather  than  significantly  increasing  the  actual 
film  thicknesses  around  the  particles. 

The  remaining  variables  are  physical  differences  in  the  asphalt 
binder  and  apparent  friction  or  internal  stress.  Since  the  asphalt  residue 
used  for  either  the  MC 3,  the  hot-mix  or  the  foamed  asphalt  process  would 
have  had  nearly  the  same  properties  prior  to  mixing,  the  process  itself 
would  have  to  be  responsible  for  any  physical  differences.  As  discussed 
in  Section  7:13,  the  foamed  asphalt  process  appears  to  have  resulted  in 
more  uniform  and  continous  films  of  asphalt  binder  than  did  the  other  two 
processes.  Thus,  considering  the  concepts  presented  in  Chapter  II,  it 
appears  possible  that  the  foamed  asphalt  process  could  have  resulted  in 
coating  the  mineral  grain  particles  with  varying  degrees  of  adsorbed,  uni- 
form,  thin  and  highly  viscous  films  of  asphalt  binder.  It  seems  further 
possible  that  during  curing  an  effective  contact  area  between  these  asphalt 
films  could  have  developed  to  result  in  high  apparent  internal  stresses 
which  would  thus  be  related  to  varying  degrees  of  capillary  conditions  in 
the  binder  itself.  In  other  words,  the  foamed  asphalt  process  may  have 
resulted  in  a  sort  of  "semi-mastic",  in  that  the  asphalt  films  were  not 
continous  and  uniform,  due  primarily  to  the  presence  oi  air  voids.  It  should 
be  noted,  however,  that  in  producing  thin  and  uniform  films  of  asphalt  bin¬ 
der,  the  foamed  asphalt  process  may  also  have  resulted  in  small,  uniform 
void  capillary  spaces  that  could  in  turn  result  in  unusually  high  apparen 
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cohesive  forces  due  to  internal  dessication  of  the  water  phase.  Ir.  addition., 
the  possibility  of  altered  surface  chemistry,  in  connection  with  the  foamed 
asphalt  process,  should  not  be  entirely  discounted.  Some  rather  limited 
support  for  assuming  the  presence  of  capillary  forces  in  the  asphalt  bin¬ 
der  lies  in  a  plot  of  cohesion  versus  total  dry  unit  weight.  Figure  20.  A 
striking  feature  of  this  plot  is  the  curve  for  the  cured,  foamed  asphalt 
series  with  varying  molding  water  content.  Despite  only  having  four  points 
on  the  plot,  it  can  be  seen  that  cohesion  rose  steadily  with  increasing 
unit  weight,  up  to  a  point,  after  which  it  rose  quite  sharply.  It  is  ~o  be 
noted  that  this  was  for  a  constant  compactive  effort.  In  other  words,  there 
obviously  is  an  upper  total  dry  unit  weight  after  which  cohesion  must  drop 
because  the  density  must  drop  because  of  approaching  saturation  of  the 
voids,  at  one  compactive  effort.  But  what  is  important  is  that  as  the  void 
spaces  diminished,  with  increasing  density,  cohesion  rose,  supposingly 
approaching  the  condition  of  a  semi-mastic  .  It  must  be  emphasized  tna* 
this  is  only  a  postulation  by  the  writer  which  may  be  disproved  or  proved 
to  some  extent  by  continuing  a  curve  of  this  sort  to  higher  density,  not  by 
incr easing  the  water  content  but  by  increasing  the  compact!'.  c  emor  .. 

The  answer  to  the  question  of  the  very  considerable  strength  losses 
of  immersed  foamed  asphalt  specimens  follows  iron,  tre  previous  concep.&. 
The  absorption  of  water  during  14  days  immersion  was  likely  effective 
in  destroying  the  apparent  cohesion  due  to  drying  out  oi  the  vater  phase. 

In  conjunction  with  this,  the  volume  expansion  corlci  *a  •  e  -  educed  the  <=.s 
phalt  bonds  from  capillary  tension  torces  to  purely  cohesi\  e  bonds,  as  in 
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the  hot-mix  or  the  soaked  MC3  mixes.  If  these  apparent  internal  stress 
forces  did  in  fact  exist  in  the  asphalt  phase  to  some  degree,  this  concept 
appears  reasonable  when  one  considers  Poiseuille’s  Law,  which  states 
that  resistance  to  flow  in  a  capillary  channel  varies  as  the  fourth  power 
of  the  radius  of  the  channel.  Thus,  a  very  slight  volume  expansion  may  be 
sufficient  to  effectively  destroy  these  capillary  forces.  The  postulated 
reasons  for  the  volume  expansion  have  been  set  forth  in  Chapter  II. 

If  volume  expansion  does  destroy  these  supposed  apparent  stresses 
in  the  asphalt  phase,  then  the  question  arises  as  to  what  the  effect  would 
be  of  confined  immersion;  for  example,  a  condition  more  in  line  with  the 
confinement  experienced  by  an  actual  stabilized  material  in  a  base  course. 
This  of  course  can  only  be  determined  in  future  investigations  but  it  does 
appear  that  some  sort  of  a  confined  immersion  test  would  be  extremely 
valuable  in  resolving  some  of  the  postulated  concepts  of  the  preceding  dis¬ 
cussion  . 

Thus,  one  may  conclude  that  the  foamed  asphalt  process  can,  under 
some  circumstances,  impart  unusually  high  strength  properties  to  a 
stabilized  material,  although  the  reasons  for  this  phenomenon  must  remain 
largely  speculative  until  evidence  of  a  more  conclusive  nature  is  obtained. 
This  finding  warrants  further  investigational  work  not  only  with  regard  to 
more  fundamental  mechanisms  but  also  with  regard  to  such  aspects  as 
differing  materials  and  realistic  correlations  with  actual  field  conditions. 
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7:8  Variation  of  Cohesion  and  Angle  of  Internal  Friction  With  Percent  Asphalt 
It  is  generally  conceded  that  the  addition  of  asphalt  to  a  sand  de¬ 
creases  the  angle  of  internal  friction  initially,  after  which  it  stays  rela¬ 
tively  constant  with  the  addition  of  more  asphalt,  up  to  a  point,  after  which 
it  again  decreases  due  to  the  increased  lubrication  effect.  This  was  the 
case  in  this  investigation,  although  the  true  angle  of  internal  friction  of 
the  pure  sand,  36  degrees,  was  decreased  only  about  1  to  5  degrees  upon 
addition  of  asphalt.  As  shown  in  Figure  18,  the  relationship  of  asphalt 
content  to  angle  of  internal  friction  was  quite  random  and  no  definite  con¬ 
clusions  can  be  drawn  except  to  say  that  for  this  particular  sand,  the  addi¬ 
tion  of  asphalt  will  slightly  lower  the  friction  angle.  It  may  be  pointed  out 
that  for  a  true  mastic,  as  shown  by  Douglas  and  Tons  (1961),  the  angle  of 
internal  friction  decreases  very  markedly  with  increasing  asphalt  content, 
which  is  reasonable  when  one  considers  the  capillary  forces  existing  in  a 
true  mastic.  In  line  with  this  reasoning,  one  could  assume  that  as  the 
condition  of  a  "semi-mastic"  is  approached  with  the  foamed  asphalt  mixes, 
as  previously  postulated  in  this  thesis,  the  angle  of  internal  friction  could 
decrease.  This  is  supported  very  tentatively  when  considering  the  foamed 
asphalt  series  with  varying  molding  water  content.  As  shown  in  Figure  18, 
as  the  total  dry  unit  weight  increased,  at  a  constant  asphalt  content,  the 
friction  angle  remained  relatively  constant  and  then  deci  eased  suddenly. 

Thus,  for  the  condition  approaching  a  "semi-mastic  ,  the  angle  ot  inter 
nal  friction  may  be  insensitive  to  asphalt  content  itselt  but  vety  sens!  ive 
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to  change  in  density.  It  must  be  very  strongly  emphasized  that  this  is 
based  on  very  limited  information  and  is  considered  to  be  true  only  for 
the  so-called  "semi-mastic"  condition  of  certain  foamed  asphalt  mixtures. 
However,  even  this  very  limited  information  should  warrant  further  in¬ 
vestigational  work  on  this  aspect  of  foamed  asphalt  stabilization. 

As  shown  in  Figure  17,  unit  cohesion  appeared  relatively  in¬ 
sensitive  to  percent  asphalt  added,  within  the  ranges  used,  although  all 
processes  showed  a  peak  or  optimum  cohesion  value  at  a  certain  asphalt 
content.  This  optimum  asphalt  residue  was  approximately  4.2  percent  for 
maximum  unit  cohesion  for  all  processes  investigated,  using  the  McGinn 
Pit  sand.  For  the  MC3  and  the  hot-mix  processes,  the  curve  was  relatively 
flat,  indicating  that  shearing  strength  was  little  affected  by  a  fairly  large 
variation  of  percent  asphalt  either  way  from  the  optimum  (i.e.,  plus  or 
minus  about  1  percent).  For  the  cured,  foamed  asphalt  mixtures,  the  peak 
was  a  little  more  pronounced;  however,  the  asphalt  content  could  still 
range  about  plus  or  minus  0.5  percent  from  the  optimum  without  a  signi¬ 
ficant  change  in  shearing  strength.  Thus,  it  appears  that  for  a  sand  of  the 
type  investigated,  an  optimum  asphalt  content  can  be  determined  on  the 
basis  of  maximum  unit  cohesion,  and,  disregarding  durability  considera¬ 
tions,  one  could  safely  vary  the  percent  asphalt  added  plus  or  minus  0.5 
percent  either  way  from  the  optimum  without  significantly  affeccing  sheai 


ing  strength  values. 
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7.9  Effects  of  Curing  and  Soaking  on  Strength  and  Volume  Change 

Detailed  effects  of  curing  and  soaking  have  been  previously  dis- 
cussed  in  some  detail  in  this  chapter;  nevertheless,  a  few  generalized 
observations  and  comments  may  be  made. 

Curing  in  this  investigation  was  the  same  for  all  mixtures,  ex¬ 
cept  the  hot-mixes,  and  it  seems  that  7  days  at  100°  F,  whether  unrealis¬ 
tic  or  not,  at  least  produced  a  constant  weight  condition  in  all  samples  and 
thus  provided  a  good  basis  for  comparisons.  However,  since  practically  ail 
evaporation  occurred  after  only  1  day  of  curing,  it  appears  reasonable  to 
postulate  that  nearly  all  of  the  shear  strength  development  of  the  7  day 
cured  specimens  had  also  occurred  after  this  one  day  of  curing.  Thus, 
one  may  assume  that  if  the  same  curing  conditions  were  prevalent  in  the 
field  (the  100°  F  is  a  possible  field  condition  but  the  evaporation  from  all 
sides  of  a  small  specimen  is  a  non-reproducible  field  condition),  a  fairly 
rapid  strength  development  could  occur.  Certainly  it  appears  that  a  la¬ 
boratory  testing  program  to  determine  the  shear  strength  development  of 
sand-asphalt  mixtures  exposed  to  evaporation  from  a  top  surface  only  may 
be  extremely  useful. 

As  far  as  water  immersion  was  concerned,  all  specimens  of 
this  investigation  were  cured  before  immersion  for  14  days.  White  (1962) 
investigated  the  effects  of  varying  curing  time  before  immersion  and  found 
that  progressively  shorter  curing  periods  before  immersion  resulted  in 
progressively  decreasing  unconfined  strengths  of  immersed  specimens. 
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However,  a  re-drying  cycle  could  possibly  have  resulted  in  considerable 
strength  regain  of  any  of  these  specimens.  In  any  case,  a  14  day  immersion 
period  is  probably  more  or  less  completely  effective  in  destroying  any 
apparent  cohesive  strength  of  cured  specimens.  It  may  also  be  noted  that 
after  14  days  immersion  water  was  still  being  absorbed,  as  shown  in  Figure 
19,  with  the  water  contents  at  this  time  being  in  the  order  of  35  to  65  percent, 
depending  on  asphalt  content  and  on  molding  water  content.  A  fairly  ex¬ 
haustive  literature  review  has  failed  to  indicate  what  equilibrium  moisture 
contents  might  exist  in  a  base  course  constructed  with  similar  materials, 
although  it  may  be  noted  that  McLeod  (1943)  has  reported  equilibrium  mois¬ 
ture  contents  of  1  to  3  percent  for  an  asphalt  waterproofed  base  course  of 
well  graded  materials. 

7:10  Effect  of  Total  Dry  Unit  Weight  and  Percent  Asphalt  on  Cohesion 

Detailed  discussions  of  these  effects  on  the  individual  processes 
have  been  discussed  in  this  chapter.  However,  some  additional  generalized 
comments  may  be  made. 

Figure  20  shows  the  variation  of  cohesion  with  total  dry  unit  weight. 
The  special  significance  of  the  curve  for  the  foamed  asphalt  series  with 
variable  molding  water  content  has  been  discussed  in  Section  7:5.  Other¬ 
wise,  the  other  curves  follow  the  same  pattern  as  the  curves  in  Figure  17 
showing  the  variation  of  cohesion  with  percent  asphalt.  In  other  words,  for 
these  processes,  there  appeared  to  be  an  optimum  unit  weight  value  for 
maximum  cohesion  of  cured  samples,  which  of  course  follows  from  the 
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relationship  in  Figure  17.  This  would  tend  to  show  that  shear  strength 
was  not  dependent  on  maximum  density,  except  for  the  one  foamed  asphalt 
series  mentioned,  at  least  as  far  as  the  limited  range  of  materials  and 
conditions  investigated  was  concerned. 

Figure  21  shows  that  for  the  three  processes  investigated,  total  dry 
unit  weight  increased  with  increasing  asphalt  contents  The  unit  weight 
would  of  course  start  to  decrease  at  some  asphalt  content  above  the  range 
investigated.  However,  the  special  significance  of  these  curves  is  that 
the  foamed  asphalt  process  produced  the  highest  unit  weights,  at  compar¬ 
able  asphalt  contents.  The  reasons  for  the  low  hot-mix  unit  weights  have 
previously  been  discussed,  but  it  is  somewhat  more  difficult  to  understand 
why  the  MC3  total  dry  unit  weights  should  have  been  lower  than  those  of  the 
foamed  asphalt  mixtures.  A  possible  explanation,  in  view  of  the  fact  that 
the  difference  is  actually  only  1  to  2  pounds  per  cubic  foot,  is  that  the  more 
uniform  film  thickness  and  distribution  of  binder  with  the  foamed  asphalt 
process  allowed  for  a  closer  arrangement  of  particles.  It  must  also  be 
noted  that  the  optimum  volatile  contents  used  for  the  MC3  process  could 
have  been  slightly  in  error;  also,  the  water  content  for  the  foamed  asphalt 
process  was  arbitrarily  set  at  15  percent. 

7:11  Stress-Strain  Relationships 

Figure  23  shows  stress-strain  curves  for  the  various  sand-asphalt 
series  at  optimum  asphalt  content,  with  a  20  psi  confining  pressure.  Ini¬ 
tial  tangent  moduli  of  deformation  are  shown  on  each  curve  and  illustrate 
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again,  on  a  comparative  basis,  the  superior  structural  qualities  of  the 
cured,  foamed  asphalt  mixtures  in  terms  of  a  higher  failure  stress  at  re¬ 
duced  strain.  The  modulus  of  deformation  for  the  cured,  foamed  asphalt 
mixture  was  27,  300  psi,  as  compared  to  11,  000  psi  for  the  cured  MC3 
series,  7,  700  psi  for  the  cured  "wet"  hot-mix,  7,  000  psi  for  the  hot-mix, 
and  5,  000  psi  for  the  soaked,  foamed  asphalt  and  the  soaked  "wet"  hot- 
mix.  Of  course  these  values  are  quite  approximate  and  are  based  on 
personal  judgement  in  drawing  in  the  initial  tangent  moduli. 

Comparing  these  moduli  of  deformation  to  Pennell’s  results  (1962) 
at  20  psi  lateral  confining  pressure,  shows  some  very  significant  differ¬ 
ences.  Pennell  obtained  moduli  of  50,  250  psi  for  his  seven  day  cured 
soil-cement  specimens,  22,  270  psi  for  the  cured  3  percent  MC3  specimens 
and  4,  900  psi  for  the  immersed  3  percent  MC3  specimens.  This  illust¬ 
rates  very  strikingly  the  effect  of  specimen  size  since  all  other  triaxial 
test  procedures  used  by  Pennell,  such  as  rate  of  strain  and  temperature 
at  testing,  were  the  same  as  those  of  this  investigation.  The  modulus  of 
50,  250  psi  for  the  soil-cement  is  nearly  double  that  of  the  cured,  foamed 
asphalt  series  of  this  investigation  and  the  modulus  of  22,  2  70  psi  for 
Pennell’s  cured  MC3  series  is  nearly  as  high;  yet,  the  cured,  foamed  as¬ 
phalt  mixture  had  a  cohesive  strength  value  nearly  as  high  as  the  soil- 
cement  and  about  4  times  that  of  the  MC3  specimens  tested  by  Pennell. 
Also,  the  modulus  of  11,  000  psi  for  the  MC 3  series  of  this  investigation 
is  only  half  that  of  Pennell’s  comparable  value,  but  the  shearing  strengths 
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exhibited  by  the  Mohr  rupture  envelope  were  approximately  equal.  Pen¬ 
nell’s  value  of  4,  900  psi  for  his  immersed  MC3  specimens  is  approximately 
the  same  as  for  the  soaked,  foamed  asphalt  series  of  this  investigation. 

Pennell  (1962)  used  his  triaxial  test  results  to  determine  base  course 
thicknesses  by  the  Kansas  method  of  design,  the  Texas  method  and  by  a 
method  based  on  Burmister's  theory  of  stresses  in  layered  systems.  A- 
side  from  his  findings,  which  of  course  showed  the  superior  structural 
qualities  of  soil-cement,  it  can  readily  be  noted  that  the  Kansas  method, 
which  utilizes  the  stress-strain  curve  at  20  psi  lateral  pressure  to  obtain 
a  modulus  of  elasticity  of  the  material,  would  give  far  different  results 
for  a  base  course  thickness  using  results  of  this  investigation  as  compared 
to  results  of  Pennell’s  investigation.  Of  course  the  Kansas  method  is  set 
up  and  correlated  for  the  locale  in  which  it  is  used  and  it  has  many  limi¬ 
tations;  however,  the  noteworthy  point  is  that  one  must  be  extremely 
cautious  and  aware  of  the  limitations  of  design  procedures  such  as  this 
when  determining  test  values  to  be  used  by  any  procedure  differing  even 
only  slightly  from  the  exact  test  procedures  laid  out  in  the  particular  de¬ 
sign  method. 

Other  factors  may  markedly  influence  load-deformation  characteri¬ 
stics  of  bituminous  materials  and  render  extremely  difficult  any  correla¬ 
tions  between  laboratory  test  results  and  actual  field  conditions.  They 
include  the  effects  of  repetive  loading  and  fatigue,  temperature  effects, 
rate  of  loading  effects,  and  many  others.  Thus,  a  set  of  load-deformation 
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curves,  as  shown  in  Figure  23,  may  be  useful  for  comparison  to  other 
results  of  the  same  investigational  procedures,  but  they  may  be  relatively 
useless  for  comparison  with  test  results  of  other  investigations  and  for 
comparison  with  any  actual  field  conditions.  This  points  out  the  need  for 
considerable  research  on  load-deformation-temperature-time  relation¬ 
ships  of  bituminous  mixtures,  both  from  the  point  of  realistic  evaluations 
and  understanding  of  the  variables  involved  and  from  the  point  of  simula¬ 
ting  actual  traffic  loadings  under  field  conditions. 

7:12  Statistical  Evaluation  of  Test  Results 

Figure  6  shows  a  plot  of  95  percent  confidence  limit  in  shearing 
strength  versus  number  of  specimens  for  a  cured  series  of  sand-asphalt 
specimens  with  4  percent  MC3.  This  particular  series  was  chosen  as 
having  an  average  scatter  of  test  values  in  order  to  determine  the  number 
of  triaxial  tests  necessary  for  a  reasonably  well  defined  Mohr  strength 
envelope  for  any  other  test  series. 

The  actual  values  of  95  percent  confidence  limit  in  shearing 
strength  were  not  plotted  for  any  test  series  but  were  tabulated,  Table  5, 
for  each  Mohr  envelope  at  normal  stress  values  of  zero,  mean  normal 
stress  and  double  the  mean  normal  stress.  The  values  shown  were  ob¬ 
tained  from  the  computer  solution  of  Balmer’s  method  (1952). 

The  largest  range  of  confidence  limit  was  for  the  cured,  foamed 
asphalt  series  with  variable  asphalt  content  and  ranged  from  plus  or  minus 
2.6  psi  (for  the  series  with  4.2  percent  asphalt)  to  plus  or  minus  7.8  psi 
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(for  the  series  with  5.5  percent  asphalt)  at  zero  normal  stress.  In  other 
words,  one  could  say  that  the  unit  cohesion  for  the  cured,  foamed  asphalt 
series  with  4.2  percent  asphalt  was  66.5  psi,  plus  or  minus  2.6  psi  with 
95  percent  confidence.  At  the  mean  normal  stress,  the  95  percent  con¬ 
fidence  limits  were  plus  or  minus  3.7  and  1.1  psi  for  the  5.5  and  4.2 
percent  foamed  asphalt  series  respectively.  This  means  the  strength  en¬ 
velopes  shown  are  defined  with  greater  accuracy  at  the  mean  normal  stress 
than  at  zero  normal  stress. 

Other  95  percent  confidence  limits  in  shearing  strength  were  1.1 
psi  for  the  cured  5  percent  MC3  series,  0.6  psi  for  the  hot-mix  at  4.2 
percent  asphalt,  and  1.6  psi  for  the  soaked  4.2  percent  foamed  asphalt 
series,  all  at  zero  normal  stress.  In  other  words  the  calculated  unit  co¬ 
hesion  for  any  of  these  series  can  be  considered  to  be  defined  with  95  per¬ 
cent  confidence  in  its  accuracy,  within  plus  or  minus  1.6  psi  or  less.  Other 
values  were  in  the  order  of  plus  or  minus  2.3  to  5.2  psi  for  the  cured,  foam¬ 
ed  asphalt  series  with  variable  molding  water  content,  plus  or  minus  1.3 
to  2.0  psi  for  the  similar  soaked,  foamed  asphalt  series,  and  plus  or  minus 
1.5  to  3,1  psi  for  the  aerated  MC3  series,  all  at  zero  normal  stress. 

The  prime  reasons  for  the  scatter  of  test  results  were  probably 
errors  in  test  procedure,  non-uniform  mixing  and  variability  of  the  mater¬ 
ials  themselves.  The  reason  for  scattering  of  test  results  of  one  series 
having  been  greater  than  scattering  of  another  is  not  clear  but  it  is  likely 
due  mainly  to  procedural  and  technique  errors.  It  may  be  noted  that  some 
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of  the  95  percent  confidence  limits  were  as  high  as  plus  or  minus  10  to 
20  percent  of  the  calculated  cohesion  values,  while  others  were  within 
less  than  5  percent  of  the  shear  strength  value.  However,  it  is  considered 
that  the  majority  of  confidence  limit  values  show  that  the  Mohr  strength 
values  of  this  investigation  are  defined  with  reasonable  accuracy  and  with¬ 
in  the  bounds  of  errors  attributable  to  procedure,  technique  and  variabil¬ 
ity  of  materials. 

7:13  Microscopic  Examinations  of  Sand-Asphalt  Mixtures 

Table  6,  which  is  a  very  generalized  and  qualitatively  descriptive 
examination  of  the  various  sand-asphalt  mixtures,  reveals  a  difference 
between  the  foamed  asphalt  mixtures  and  the  other  mixtures.  These  ex¬ 
aminations  were  from  a  very  limited  number  of  compacted  and  cured 
samples  but  they  did  reveal  that  at  least  for  the  materials  used  in  this  in¬ 
vestigation,  the  foamed  asphalt  process  resulted  in  a  much  more  uniform 
asphalt  film  thickness  around  the  sand  particles  than  did  the  other  pro¬ 
cesses.  Also,  the  foamed  asphalt  process  seemed  more  efficient  in  ori¬ 
enting  the  finer  particles  into  the  void  spaces  between  the  larger  particles, 
whereas  the  other  processes  resulted  in  a  random  attachment  of  fines  to 
the  outside  of  the  larger  particles.  Another  difference  was  that  all  pro¬ 
cesses,  except  the  foamed  asphalt  process,  resulted  in  roughly  half  the 
particles  having  a  very  thin,  practically  tranluscent  film  of  asphalt  which 
would  appear  very  susceptible  to  attack  by  water  or  other  disruptive  forces. 

It  is  to  be  noted  that  to  the  naked  eye,  distribution  of  asphalt  was  approximately 
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the  same  in  any  of  the  mixes.  In  other  words,  the  total  distribution  of 
asphalt  throughout  the  mix  was  probably  very  much  the  same  for  any  of 
the  sand-asphalt  mixtures. 

From  these  microscopic  examinations  one  may  conclude  that  des¬ 
pite  the  fact  that  total  distribution  of  asphalt  throughout  the  mixture  was 
no  better  for  the  foamed  asphalt  process  than  for  any  other  process,  it 
was  unique  in  producing  much  more  uniform  film  thicknesses  around  the 
particles  than  any  of  the  other  processes  investigated.  This  fact,  coupled 
with  a  consideration  of  the  random  attachment  of  fine  particles  and  beads 
of  asphalt  to  the  larger  particles  in  the  other  processes,  helps  to  explain 
wny  the  foamed  asphalt  process  resulted  in  the  highest  comparative  total 
dry  density.  Also,  it  supports  the  concepts  of  capillary  tension  forces  in 
the  asphalt  binder  and  thereby  supports  the  explanations  of  the  very  high 
shear  strength  values  of  the  cured,  foamed  asphalt  mixtures. 

The  aforementioned  results  suggest  that  visual  examination  of  an 
asphalt  mixture  of  fine  materials  may  reveal  the  degree  of  di  stribution 
of  binder  throughout  the  total  mix,  on  a  macroscopic  basis,  but  it  may  not 
reveal  the  possible  importance  of  varying  degrees  of  distribution  of  bin¬ 
der  on  a  microscopic  basis.  Thus,  there  appears  to  be  some  merit  in  fu¬ 
ture  investigational  work  in  microscopic  examination  of  soil-asphalt  mix¬ 
tures,  possible  along  the  lines  used  in  concrete  work  (Ref.  ASTM  C457- 
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7:14  Suggested  Mix  Design  and  Resultant  Properties 

Pennell  (1962)  recommended  a  mix  design  asphalt  content  of  3  per¬ 
cent  MC3  for  the  McGinn  Pit  sand,  based  primarily  on  the  fact  that  little 
or  no  additional  strength  was  obtained  with  higher  asphalt  contents.  Jones 
(1962),  in  working  with  the  same  sand,  stated:  "the  best  asphalt  content 
would  be  less  than  5  percent  and  possibly  even  lower  than  3  percent". 
Hence,  these  two  investigators  essentially  agreed  on  the  design  MC3  con¬ 
tent  for  this  sand.  The  recommendation  of  the  writer  would  be  about  4  to 
5  percent  MC3,  based  only  on  strength  considerations  of  the  cured  mix¬ 
tures;  however,  as  revealed  by  Jones  (1962),  durability  considerations  of 
immersion  and  freeze-thaw  resistance  were  relatively  insensitive  to  an 
MC3  content  range  of  3  to  7  percent. 

Since  the  hot-mix  is  likely  uneconomic  compared  to  the  other  pro¬ 
cesses,  and  in  fact  resulted  in  lower  strength  properties  than  did  the 
other  mixtures,  except  for  the  soaked  strengths  with  which  it  compared 
favorably,  it  cannot  be  recommended  as  a  mix  design  procedure  for  a 
material  of  the  sort  investigated.  However,  it  has  proven  useful  for  re¬ 
search  purposes  and  based  on  the  test  results,  the  optimum  asphalt  con¬ 
tent  would  be  about  4.2  percent,  a  value  that  compares  with  the  optimum 
residual  asphalt  content  of  the  other  processes. 

The  foamed  asphalt  process  has  produced  some  very  high  shear 
strengths  in  cured  mixtures  and  has  compared  to  the  other  processes  in 
soaked  strengths.  Hence,  compared  to  the  other  asphalt  stabilization 
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methods  investigated,  it  can  be  recommended  as  a  procedure  producing 
a  satisfactory  stabilized  material  using  the  McGinn  Pit  sand.  The  sugges¬ 
ted  mix  design  and  its  resultant  properties  are  shown  in  Table  7.  It  will 
be  noted  that  a  mixing  water  content  of  7  percent  is  recommended.  Des¬ 
pite  the  fact  that  the  highest  strengths  were  not  obtained  with  this  mixing 
water  content,  it  did  result  in  a  good  distribution  and  is  more  realistic 
for  field  curing  than  the  very  high  water  contents;  however,  it  should  be 
emphasized  that  high  water  contents  should  not  be  detrimental  to  the  final 
mix  properties.  In  other  words,  field  water  control  would  have  to  primarily 
ensure  only  that  the  water  content  did  not  go  below  the  minimum  of  7  per¬ 
cent.  Density  control  should  be  easily  achieved  by  ensuring  this  minimum 
mixing  water  requirement.  Other  mix  properties  shown  are  intended 
mainly  for  information  and  not  for  control  of  the  design  mix. 
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TABLE  7 

SUMMARY  OF  DESIGN  MIX  USING  FOAMED  ASPHALT  PROCESS 


McGinn  Pit  Sand  -  Fine,  uniform,  rounded  quartz  sand  with  99% 

passing  #40  and  8%  passing  #200 


Amount  of  150-200  AC  - 

4.2%  (+0. 5%) 

Compactive  Effort  - 

Std.  Proctor 

Mixing  Water  Content,  Minimum  - 

7% 

Std.  Proctor  Tot.  Dry  Density,  Minimum,  - 

104.1  pcf 

Unit  Cohesion,  7  Days  Curing  At  100°  F  - 

41psi 

Unit  Cohesion,  14  Days  Immersion  After  Curing - 

6  psi 

Angle  of  Internal  Friction  - 

32  to  34  Deg. 

Void  Ratio  Of  The  Compacted  Mixture  - 

66.  7% 

Voids  Filled  With  Asphalt,  After  Compaction  - 

17.2% 

Voids  Filled  With  Water,  After  Compaction  - 

30.2% 

Voids  Filled  With  Water,  After  Curing  - 

2.0% 

Volume  Expansion  After  14  Days  Immersion  - 

1.7  % 

Voids  Filled  With  Water,  After  Immersion  - 

36.2  % 

Water  Saturation  After  Compaction  (Basis  of  Voids 
Not  Filled  With  Asphalt)  - 

36.5% 

Water  Saturation  After  Immersion  (Basis  of  Voids 
Not  Filled  With  Asphalt)  - 

44.6% 

Unconfined  Comp.  Strength,  After  Curing  - 

155  psi 

Unconfined  Comp.  Strength,  After  Immersion  - 

20  psi 

' 

CHAPTER  VIII 


CONCLUSIONS  AND  RECOMMENDATIONS 

8:1  Conclusions 

The  objective  of  this  investigation  was  to  compare  fundamental 
strength  relationships  of  various  sand-asphalt  mixtures  and  in  particular 
to  investigate  the  foamed  asphalt  process.  This  was  accomplished  in  two 
ways:  (i)  The  preliminary  phase  involved  a  fairly  comprehensive  litera¬ 
ture  review  which  was  summarized  in  Chapter  II,  together  with  some  of 
the  writer’s  interpretations  and  postulations;  (ii)  A  triaxial  test  program 
was  carried  out  to  evaluate  strength  relationships  of  various  sand- 
asphalt  mixtures. 

The  conclusions  presented  must  be  considered  with  full  realiza¬ 
tion  of  the  limitations  involved.  They  include:  (i)  the  investigation  of  only 
one  particular  soil;  (ii)  the  use  of  only  three  asphalt  mixing  processes; 
(iii)  the  investigation  of  only  a  very  few  of  the  variables  inherent  in  sand- 
asphalt  stabilization;  and,  (iv)  the  use  of  some  arbitrary  test  conditions, 
such  as  the  soaking  test,  and  others,  that  may  be  entirely  inconsistent 
with  actual  field  conditions. 

Based  on  the  results  of  the  testing  program,  the  discussions  and 
interpretations  of  test  results  in  Chapter  VII,  and  considering  the  con¬ 
cepts  presented  in  Chapter  II,  the  following  conclusions  may  be  listed  in 
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summary  form. 

(1)  The  foamed  asphalt  process,  using  the  sand  of  this  investigation,  re¬ 
sults  in  cured  sand-asphalt  mixtures  of  superior  structural  strength, 
compared  to  similar  mixtures  prepared  by  using  an  MC3  or  a  hot-mix 
process.  However,  immersed  foamed  asphalt  mixtures  are  very  nearly 
similar  in  structural  strength  to  immersed  cutback  asphalt  stabilized  mix¬ 
tures  or  to  the  hot-mix  materials. 

(2)  The  high  shearing  strengths  of  the  cured,  foamed  asphalt  mixtures 
may  be  partially  explained  by  certain  capillary  forces  in  the  asphalt  phase 
of  the  mixture  and  in  the  water  phase  of  the  mixture  which  produce  appar¬ 
ent  internal  stresses.  The  foamed  asphalt  process  itself  is  considered  to 
be  responsible  for  this  condition  by  producing  relatively  uniform  asphalt 
films  of  varying  degrees  of  continuity. 

(3)  The  foamed  asphalt  process  results  in  higher  comparative  density 
than  the  cutback  asphalt  or  the  hot  mix  process  because  it  produces  more 
uniform  film  thicknesses  and  results  in  a  more  efficient  arrangement  of 
fines  into  the  void  spaces  between  the  larger  particles. 

(4)  The  loss  of  strength  upon  immersion  of  foamed  asphalt  mixtures  is 
considered  to  be  largely  due  to  volume  expansion  that  destroys  the  capil¬ 
lary  forces  and  most  of  the  effective  contact  area  in  the  binder  films,  and 
due  to  release  of  tension  in  the  pore  water  as  a  result  of  water  intake, 
whereas  the  immersed  strength  loss  of  cutback  asphalt  stabilized  speci¬ 
mens  is  relatively  insensitive  to  volume  expansion  and  is  primarily  due 
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to  water  absorption  that  destroys  apparent  cohesion.  Thus  the  laterally 
unrestrained  soaking  test  may  be  much  more  severe  to  the  foamed  asphalt 
mixtures  than  to  the  other  more  conventional  mixtures. 

(5)  The  very  similar  strengths  of  immersed  specimens  of  foamed  asphalt 
and  cutback  asphalt  mixtures,  and  of  hot-mixes,  are  thought  to  be  the  re¬ 
sult  of  the  asphalt  binder  providing  similar  cohesive  bonds  in  each  of  these 
cases . 

(6)  Unit  cohesion  is  related  to  asphalt  content,  for  any  of  the  processes 
investigated,  in  that  there  appears  to  be  a  maximum  unit  cohesion  for  a 
certain  asphalt  content.  This  optimum  asphalt  residue  content  is  approxi¬ 
mately  4.2  percent  for  the  McGinn  Pit  sand,  for  all  the  processes  inves¬ 
tigated. 

(7)  Unit  cohesion  is  related  to  density  in  a  relationship  similar  to  that  of 
asphalt  content,  in  that  there  appears  to  be  a  maximum  cohesion  for  an 
optimum  total  dry  density.  The  exception  is  one  cured,  foamed  asphalt 
series  at  constant  asphalt  content,  where  cohesive  strength  increased  with 
density  and  was  at  its  highest  value  at  the  highest  density.  This  is  thought 
to  be  the  result  of  the  mixture  approaching  a  "semi-mastic"  condition  with 
increasing  density. 

(8)  The  angle  of  internal  friction  of  the  sand  used  in  this  investigation  is 
lowered  initially  by  addition  of  a  small  amount  of  asphalt,  after  which  it 
shows  no  definite  relationship  to  asphalt  content,  at  least  for  the  ranges 
investigated.  The  friction  angle,  for  a  constant  compactive  effort,  simi¬ 
larly  shows  no  definite  relationship  to  density,  except  for  the  one  foamed 
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asphalt  series  mentioned  in  the  previous  conclusion.  Here,  friction  angle 
decreases  slightly  with  increasing  density,  up  to  a  point,  after  which  it 
decreases  quite  rapidly. 

(9)  Shearing  strengths  of  cured  or  soaked  samples  of  any  of  the  processes 
investigated  are  relatively  insensitive  to  asphalt  content  in  that  variations 
of  plus  or  minus  one-half  to  one  percent  either  way  from  the  optimum  as¬ 
phalt  content  will  result  in  essentially  no  change  in  strength  characteris¬ 
tics,  although  durability  considerations,  as  revealed  by  freeze-thaw  tes¬ 
ting,  could  be  somewhat  reliant  on  asphalt  content. 

(10)  The  highest  final  stability  of  cutback  asphalt  stabilized  sand  occurs 
with  no  aeration,  or  very  little  aeration,  before  compaction,  which  means 
that  field  compaction  should  be  carried  out  as  soon  as  the  drying  back 
procedure,  if  used,  produces  the  required  initial  stability. 

(11)  The  hot  mix  process  is  inferior  to  foamed  asphalt  or  cutback  asphalt 
stabilization  for  the  conditions  investigated,  from  a  stability  standpoint 
and  likely  from  the  standpoint  of  prohibitive  costs. 

In  addition  to  the  more  specific  conclusions  presented,  some 
generalized  conclusions,  based  on  observations  of  this  investigation  and 
on  available  pertinent  literature,  may  briefly  be  summarized  as  follows: 
(a)  The  foamed  asphalt  process  seems  useful  in  stabilizing  fine  sands 
from  the  standpoint  of:  (i)  structural  strengths  are  comparable  or  higher 
than  those  of  cutback  asphalt  or  hot-mix  stabilized  material;  (ii)the  mix¬ 
ture  can  be  compacted  immediately  after  mixing;  (iii)  durability  is  likely 
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comparable  to  that  of  the  other  asphalt  stabilized  mixtures;  (iv)  a  pene¬ 
tration  grade  asphalt  is  used;  thus,  there  may  be  some  economic  advan¬ 
tages,  as  far  as  material  costs  are  concerned,  compared  to  using  cutback 
or  emulsified  asphalt. 

(b)  Pugmill  mixing  is  superior  to  hand  mixing  for  laboratory  investiga¬ 
tional  work  in  that  a  more  uniform  distribution  of  asphalt  may  be  achieved 
and  the  effects  of  variable  mixing  time  may  be  studied. 

(c)  Visual  examination  of  an  asphalt  stabilized  fine  material  may  reveal 
a  very  good  total  distribution  of  the  binder  throughout  the  mix,  as  with 
the  hot-mixes  of  this  investigation,  but  it  may  not  reveal  the  possible  im¬ 
portance  of  varying  degrees  of  distribution  on  a  microscopic  or  particle 
to  particle  basis. 

(d)  The  triaxial  compression  test  probably  gives  as  good  or  better  a  du¬ 
plication  of  the  stress  conditions  existing  in  a  pavement  structure  subjec¬ 
ted  to  a  very  slow  rate  of  loading  than  do  any  of  the  other  test  methods 
curently  used.  For  this  reason  it  is  useful  as  a  research  tool,  but  it  does 
not  indicate  the  largely  unknown  effects  of  rapid,  repetitive  loading,  and 
therefore  its  use  in  an  eventual  rational  method  of  pavement  design  could 
be  extremely  limited,  unless  modified  to  some  extent. 

8:2  Recommendations  For  Future  Research 

The  unusually  high  strength  properties  of  the  cured,  foamed  as¬ 
phalt  mixtures  of  this  investigation  appear  to  warrant  further  work  into 
asphalt  stabilization  of  fine-grained  soils.  In  particular,  this  could 
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include  the  following: 

(1)  A  field  test  strip  should  be  set  up  to  compare  cutback  asphalt,  foamed 
asphalt  and  emulsified  asphalt  stabilization  of  a  soil  similar  to  that  inves- 
tigated.  Ideally  this  would  form  part  of  a  regular  base  course  stabiliza¬ 
tion  project  and  would  particularly  investigate  the  following  effects: 

(i)  The  rate  of  strength  development  as  curing  proceeds.  This 
could  be  determined  by  strength  test  and  moisture  tests  on  sam¬ 
ples  cored  at  various  times. 

(ii)  The  strength  loss  due  to  infiltration  of  water,  such  as  after  a 
rainstorm,  again  by  strength  and  moisture  tests  on  cored  samples. 

(iii)  The  seasonal  and  yearly  variations  in  load  carrying  capacity 
of  the  pavement  structure  could  be  evaluated  by  means  of  the  Benk- 
elman  beam. 

(iv)  Other  effects,  such  as  rutting  or  shoving,  should  be  noted  by 
carefully  recorded  visual  observations  as  well  as  by  instrument 
observations . 

(v)  Correlations  between  field  and  laboratory  should  be  very  care’- 
fully  studied  by  preparing  and  testing  laboratory  specimens  to 
simulate  field  conditions. 

(2)  The  existence  of  a  considerable  number  of  unresolved  variables  in 
sand-asphalt  stabilization,  particularly  as  far  as  this  investigation  is  con¬ 
cerned,  warrants  further  laboratory  investigational  work  to  include  the 
following  aspects: 

(i)  Curing  effects  should  be  investigated  on  specimens  where 
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evaporation  is  allowed  from  the  top  surface  only,  as  a  comparison 
to  field  conditions. 

(ii)  Immersion  effects  should  be  investigated  on  specimens  with 
applied  lateral  restraint,  again  to  compare  to  field  conditions. 

(iii)  The  effect  of  percent  moisture  needed  for  strength  loss  of 
cured  specimens  should  be  investigated,  possibly  by  a  humid  at¬ 
mosphere  test.  Freeze-thaw  testing,  in  relation  to  durability  con¬ 
siderations,  could  be  included. 

(iv)  The  degree  of  distribution  of  asphalt  in  stabilized  fine-grained 
soils  should  be  studied  quantitatively  by  microscopic  examinations. 

(v)  The  effect  of  a  number  of  curing-soaking  cycles  on  stability 
should  be  investigated,  with  careful  volume  change  measurements, 
particularly  for  foamed  asphalt  mixtures. 

(vi)  Studies  on  surface  area  relationships,  with  regard  to  graphi¬ 
cal  and  mathematical  models  for  mix  design,  should  form  a  very 
important  part  of  future  investigational  work. 

(vii)  The  feasibility  of  a  triaxial  test  technique  to  incorporate  rapid, 
repetitive  loading  should  be  studied.  Anticipated  results  might  simu¬ 
late  to  a  very  close  degree  actual  loadings  of  pavements  in  service, 
(viii)  Much  more  investigational  work  is  needed  on  the  effects  of  the 
actual  mixing  phase  of  the  stabilization  process,  largely  because 
this  is  one  of  the  least  understood  aspects  of  this  field  and  because 
its  effects  on  resultant  mix  properties  are  often  underestimated  or 
unappreciated.  The  ideal  objective  would  be  to  establish  quantita¬ 
tive  mixing  criteria  of  some  sort. 
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SAND  CLASSIFICATION  DATA 

-  Specific  Gravity 
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-  Hydrometer  Test 

-  Grain  Size  Curve 
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^btw+s 

*  Weight 

of 

flosk 

♦  water 

^b  +  w 

=  Weight 

of 

flask 

+  water 

ws 

=  Weight 

of 

dry 

soil 

Gs 

-  Specific 

gr 

avi  ty 

of  soil 

W< 


+  ”b+'*  ^b-fw4s 


Determination  of  Ws  from  wet  soil  sample: 


Sample  No. 


Sample  No. 


Container  No. 


Container  No. 


Wt.  Sample  Wet+Tare 


Wt.Test  Sample  Wet  +  Tare 


Wt.  Sample  Dry  +  Tare 


Tare  Container 


Wt.  Water 


Wt.  Test  Somple  Wet 


Tare  Container 


Wt-  of  Dr y  Soil 


Moisture  Content  ^  % 


Description  of  Sample:  /J^yo-ro^c /y  /so  o,  s  0/  a«>  -  s<x 

CL.  s  c/  c  tt.  ~&/*c  97  o-y<  /<y  <^C.  'fe-y  ?-r*«  n  1  o  rcS  ,  LX C  }L-9  C<ja.S 


CCo  m 


./>/lS/iCo/  bo  c  / t.  -n  Of  &  7~i 


e/  <*.1 


y't 


/A  q.  K/acc.  ct-CL  y?a 


7~rT-i  n-c* 


5 
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UNIVERSITY  of  ALBERTA 

DEP'T-  of  CIVIL  ENGINEERING 

SOIL  MECHANICS  LABORATORY 

SIEVE  ANALYSIS 


SITE  ^ 

SAMPLE 

LOCATION  ^  /?,r 

/\/o  Ai  r  A/ 

HOLE 

DEPTH 

TECHNICIAN  ^ 

DATE  '*/' 

&  /  6>  / 

Total  Dry  Weight 

of  Sample  . 

Sieve 

No. 

Size  of  Opening 

Weight 

Retained 

gms. 

Total  Wt. 

Finer  Than 
gms. 

Percent 
Finer  Than 

%  Finer  Than 
Ba£is  O/ig. 
Sample 

Inches 

Mm. 

Initial  Dry  Weight 
Retained  No.  4 

Tore  N  n 

• 

Wt-  Dry  +  Tare 

Tore 

?/4 

1910 

Wt.  Dry 

3/q 

9-52 

4 

•185 

4-76 

Passing 

4 

Initial  Dry  Weight 
Passin g  No-  4 

Tare  No- 

1  0 

•079 

2-000 

20 

•0331 

•840 

o  o 

93  °4 

/&o 

Wt-  Dryf  Tare 

40 

•0165 

•420 

o~r 

38  34 

39  37*. 

Tare 

6  0 

•0097 

•250 

22  & 

7S  s  4 

76  4  % 

Wt-  Dry 

100 

•0059 

•  149 

S/  o 

24  24 

24  7%, 

200 

•0029 

•074 

/*>  3 

g  24 

S-  /  7* 

Passing 

200 

Description  of  Sample 


Tine  of  Sieving 


Method  of  Preparation  ^ 


X7  2oo 


S<  eis<?S  , 

<7  n  <r  c/ 

CX  n  <7? 

<7  -ref 

Remarks 

3  t  t  \Se</  7  A. 

ro  cef  h. 

ft*  <= 

C*  H.  /o  /<=  At 

m<t  s  /  a/ 

si « <y<?s 

Size-Mm.. 


nr  oi 

Note:  M-IT-  Grain  Size  Scale 
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UNIVERSITY  of  ALBERTA 

DEP’T-  of  CIVIL  ENGINEERING 

SOIL  MECHANICS  LABORATORY 

PROJECT  2~a/j£  s/^ 

S 11  E  /Isfa  Cjs^s^s  /-^/r  /\/o/er// 

SAMPLE 

LOCATION  Sro/^Y  /=>/-& ,  /92.&JS &7-41 

HYDROMETER  TES1 

r 

HOLE  DEPTH 

TECHNICIAN  DATE  o*c.  ,9/4, 

Date 

Temp- 

Time 

Elapsed 

Time 

K 

11 

20 

n 

5 

D 

m.m. 

Rh+mrcd 

w  % 

W  % 
Basis  Orig 
Sample 

Remarks 

D£C  /9 

2S  4  "C 

//  7S 

28  0 

28  3 

.  o^oo 

29  / 

37.  S 

9  3 

A 

/• 

3o* 

/9  0 

/9  3 

o/So 

2°  / 

2s  S 

6  3 

* 

ll 

/  ~~ 

/3  ° 

/3  3 

■0SS0 

/4  / 

/ 80 

4  s 

/• 

II 

2 

9  0 

9  3 

042o 

/of 

/2.t 

32 

If 

,r 

4 

6.3 

6  6 

■o3oo 

7.  4 

9  s 

2  3 

1/ 

fi 

8 

4  S 

4  8 

•  0  2  /o' 

S-6 

7  / 

/  8 

fl 

ii 

/S 

3  3 

3  6 

•  0/60 

4  4 

S-  6 

/  4 

„ 

,, 

3o 

2  4 

2  7 

■  0  //o 

3  S 

4  S 

/■  / 

„ 

60 

/  9 

2  2 

■  0080 

3  0 

3  8 

94 

H 

,, 

/2  0 

/  i 

2  / 

■ooS  7 

2  9 

3  7 

0  9/ 

fl 

24° 

/.S 

/  8 

00  4/ 

2  6 

3  3 

08! 

OSC  20 

if 

9:4  s 

/3So 

O.L 

0  9 

■  °°n 

/  7 

22 

0  SS 

36  43/ 


Hydrometer  Nos 

•^rCRh+"'r«d>= 

Meniscus  correction  =  cm  a 


and 

/  -27 


Graduate  No. 


CRh+mt”  cd) 

and _ 


Dispersing  agent  used  ^ ■£»/- 


_ respectively 

Amount  /o 


Correction  for  change  in  density  of  liquid  due  to  addition  of  dispersing  agent  =  c<j 

cH  =  -o  3  &  as  s  -c  and _ respectively 

2  6  7 


Specific  Gravity  of  Solids  =  Gs 


Description  of  Sample 


Method  of  Preparation  J.r-c/ry  s*  ***£/*_ 

S***e</  a  n  V  m  *2  c  y<.  a./  n  <</  on.  A4 


2ao  Steve  u.se</  t  /-/ycf  i 


yoro  -yya 


^  7^?  F*  ^7  FI  A-  /y  £  <  S 


Remarks 


Initial  Moisture  Content 


Dry  Weight  of  Sample 


Container  No- _ 

Wt.  Sample  Wet  +  Tare 
Wt-  Sample  Dry  +  Tare 

Wt  Water _ 

Tare  Container _ 


Container  No- - - 

Wt.  Sample  (ttEf/Dry)  +  Tare 

Tare _ 

Wt-  (sa^/Dry)  Soil _ 


233  7c> 


/oB  // 


/ZS  6/ 


Wt  of  Dry  Soil  _ 

Initial  Moistur*  ^  tyo 


Dry  Weight  from  Initial 

ioo  x  Wt- Wet  Soil  _ 
Mois,ure-  Too -Unit.  W5rsT%  - 


\-4 
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UNIVERSITY  of  ALBERTA 

DEP’T-  of  CIVIL  ENGINEERING 
SOIL  MECHANICS  LABORATORY 

COMPACTION  TEST 


PROJECT 

THESIS 

SITE 

McGinn  Pit  North 

SAMPLE 

Sand 

LOCATION 

Stonv  Plain.  Alberta 

HOLE 

DEPTH 

TECHNICIAN 

D.G.P.  DATE 11/28/61 

Trial  Number 

.  1 

2 

3 

4 

s 

6 

7 

Mold  No- 

c 

o 

Wt-  Sample  Wet  +  Mold 

-C  «- 

cp  a 

Wt-  Mold 

—  c 
a) 

Wt-  Sample  Wet  Gms . 

169  6 

1742 

1812 

1796 

1780 

1821 

1812 

£  C 
w 

Volume  Mold 

1/30 

1/30 

1/30 

1/30 

1/30 

1/30 

1/30 

*-  V 

'c  V 

Wet  Unit  Weiaht  lb-/ft3 

112.0 

115.0 

119.  S 

118.0 

117.  S 

120 . 2' 

119-  S 

pa 

Dry  Unit  Weight  lb-/ft-5 

101.6 

102.5 

104.0 

101.0  , 

99.4 

104.0 

102.5 

♦— 

C 

Container  No 

«  r~ 

■*— 

c  o 

Wt-  Samp le  Wet  +  Tare 

692.02 

738.35 

663.19 

713.00 

697.83 

608.6C 

561.SC 

o  - 
o  p 

Wt-  Sample  Dry  -FTare 

648.92 

661.93 

589.10 

623.32 

597.4C 

559. 11 

■  497.0C 

w  *" 

Wt-  Water 

43 . 10 

76.42 

74.09 

89,68 

100.43 

49. 4£ 

i  64. 8( 

3  b 

V- 

Tare  Container 

231. SO 

42.79 

104.33 

108.64 

.43.56 

231.5c 

101.6" 

CO  dj 

O  f|5 

Wt-  Dry  Soil 

417.42 

619.14 

484.77 

514.68 

553 . 84 

327 . 61 

395.37 

20 

Moisture  Content 

.10*2 

12.3 

14.9  . 

17.4 

18.1 

. 15.2 

16.4 

Method  of  Compaction _ 

Standard  Proctor _ 

_ Compaction _ 

Diam.  Mold  4.QQ  In 
Height  Mold  4«6Q.  InciiSjB. 
Volume  Mold  l/3Q  ft 
No-  of  Layers 
Blows 
Ht-  of 
Wt-  of 


per  Laver  25 _ 

Free  Foil  12  Inches 
Temper  5o5 


lbs 


Shape  of  Tamping  Face  0 
Description  of  Sample _ 


Remarks Standard  Proctor  j 
Density  to  be  duplicated 

In  2.80  inch  di*^ 


.araeter 


mold. 
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UNIVERSITY  of  ALBERTA 

DEP’T-  of  CIVIL  ENGINEERING 

SOIL  MECHANICS  LABORATORY 


PROJECT 


■IHSalS 


SITE 


Ale  Ginn  Pit  North 


SAMPLE  Sand 


LOCATION  stony  Plain.  Alberta 


HOLE 


DEPTH 


Trial  Number  Sample 

R-12 

R-14 

R-15 

R-16 

a-TT.  ■  a  m _ 

R-16 

c 

o 

Mold  No- 

Wt-  Sample  Wet  +  Mold 

.c  «- 

CT>C 
—  c 
0)  _ 

Wt-  Mold 

Wt-  Sample  Wet  Gms- 

1178 

1209 

1225 

1246 

1246 

£  E 

W 

♦-  <*> 
c  o> 
3Q 

Volume  Mold 

Wet  Unit  Weiaht  lb-/ft^ 

114  J5 

117.8 

119.4 

121.2 

121.2 

Dry  Unit  Weight  lb-/ft-5 

102.2 

103.2 

103.3 

104 . 2 

103.3 

c 

£  e 

c  o 

Container  No- 

9 

10 

8 

11 

3A 

Wt-  Samp  le  Wet  +  Tare 

345.9 

.352.4 

370.6 

345 . 8 

728.8 

o  •- 

o  n 

Wt-  Sample  Dry  -r  Tare 

320.2 

322.6 

336.7 

312.2 

296.2 

t)  c 

w  * 

Wt-  Water 

23.7 

29.8 

33.9 

33.6 

32.6 

3  b 
■*-  *- 
V>  (U 

o  as 

5C 

Tare  Container 

107 . 2 

111.0 

114.9 

105.5 

107.6 

Wt-  Dry  Soil 

213^0 

211.6 

221.8 

206.7 

188.6 

Moisture  Content 

12.0 

14.1 

15.3 

16.2 

17,3 

i 

106 


ao4 


s 


.flC0 

V 


c 

D 


±t 


— — I— 


j-  -  j  1 •*- 

H— f- 


100 


-H-f 


■*- 


Max*  Unit  Wt-  =104.#ft* 
Opt-  Moist*  =1^.5% 


:s; 


X 


Method  of  Compaction _ 

Drop  Hammer  v/ith  Solid 

Base  Mold. _ 

Diam.  Mold  _ 2^C0  inches 


Height  Mold  — '?  m.^iQ — incaes 
Volume  Mold  ,  0£>226  tt^ 


4_J - f—f- 

-  4- 


n  i  -i 


hr 


A — 


No-  of  Layers _ 5 _ 

Blows  per  Laver  8.9.10.11,12 
Ht-  of  Free  Fall  18  inches  . 
Wt-  of  Tamper  10,3  l~bs. 

Shape  of  Tamping  Face  0 
Description  of  Sample _ 


T 


4444+ 

mi  ■- 


— — r 
TT 


RAfnnrks  This  Proctor 
Curve  is  that  obtained 

by  using  the  2.80  inch 

diameter  mold  in  the 

simulating  of  Proctor 

density  in  the  standard 

mold  


10 


12  14  16 

Moisture  Content 


18 


©/ 

/© 


gfgs-'l 

:  -  s 


APPENDIX  B 


DETAILED  PROCEDURES 

Preparation  of  2.8  Inch  Diam.  by  6  Inch  Pure  Sand  Specimens 

Preparation  of  MC3  Cutback  Stabilized  Specimens 

Density- Volatile  Relationship  For  MC3  Mixes  (After  Pennell) 

Preparation  of  Hot-Mix  Specimens 

Preparation  of  Foamed  Asphalt  Specimens 

Preparation  of  "Wet"  Hot-Mix  Specimens 


Triaxial  Test  Procedures 


1  -  Preparation  of  Sand-Water  Specimens 

A  20  pound  portion  of  air-dry  sand  was  put  into  the  pugmill  and 
enough  water  was  added  to  bring  the  material  to  its  optimum  moisture 
content  of  15  percent.  The  wet  material  was  thoroughly  mixed  (30  sec¬ 
onds)  in  the  pugmill  to  achieve  uniform  distribution  of  the  water  and  the 
samples  were  compacted  immediately  in  the  2.8  inch  diameter  mold  used 
by  Pennell  (1962).  The  compactive  effort  for  Standard  Proctor  density,  as 
determined  by  Pennell,  consisted  of  10  blows  on  each  of  5  layers  by  a 
10.3  pound  hammer  with  a  flat  2.8  inch  diameter  tamping  foot  dropping 
18  inches.  This  blow  count  resulted  in  a  compactive  energy  of  34,  200  foot 
pounds  per  cubic  foot,  as  compared  to  12,  400  foot  pounds  per  cubic  foot 
applied  in  the  Standard  Proctor  compaction  test.  Compaction  was  carried 
out  on  a  concrete  block  and  each  layer  was  scarified  with  a  screwdriver 
to  avoid  smooth  compaction  planes. 

The  specimens  were  extruded  by  using  a  Tinius  Olsen  30,  000  kilo¬ 
gram  compression  machine.  The  2.5  inch  long  base  was  first  pushed  up 
into  the  mold,  flush  with  the  bottom,  after  which  the  specimen  was  trim¬ 
med  flush  with  the  top  of  the  mold  to  produce  a  2.8  inch  diameter  by  6.5 
inch  long  specimen.  The  specimen  was  then  extruded  upwards  out  of  the 
mold,  loading  caps  were  put  on  the  ends,  a  membrane  was  put  around  the 
specimen  and  it  was  immediately  transferred  to  the  triaxial  cell,  before 
evaporation  could  occur,  to  be  ready  for  testing. 


* 


2  -  Preparation  of  Sand-Asphalt  Specimens  Using  MC3  Cutback 


Air-dry  sand  was  weighed  out.  in  15  pound  portions  and  put  in  the 
U.  of  A.  pugmill.  Then  a  calculated  amount  of  water  was  added  so  that 
when  the  MC3  was  added  the  mix  would  be  at  its  optimum  volatile  content 
(based  on  total  dry  maximum  unit  weight  for  Standard  Proctor  compact¬ 
ion).  The  water  was  mixed  in  with  the  sand  for  about  30  seconds  and 
this  appeared  to  give  a  uniform  moisture  distribution.  Immediately  after 
this,  the  required  percentage  of  MC3  (based  on  the  dry  weight  of  the 
sand),  heated  to  175°  F,  was  slowly  poured  across  the  top  of  the  mix  for 
60  seconds,  while  the  pugmill  was  in  operation.  The  pugmill  was  left 
to  operate  another  90  seconds  to  achieve  a  good  uniform  distribution  of 
asphalt.  Thus,  the  total  mixing  time  was  150  seconds. 

Following  mixing,  the  batch  was  immediately  removed  from  the 
pugmill  and  placed  in  a  large  plastic  bag  to  prevent  evaporation  of  vola¬ 
tiles.  The  bag  was  placed  next  to  the  concrete  compaction  block  and  re¬ 
quired  quantities  for  each  of  the  four  layers  of  the  2  inch  diameter  by  4 
inch  specimens  were  removed  with  a  small  scoop.  Between  these  remov¬ 
als  of  material  the  top  of  the  bag  was  closed  to  prevent  evaporation  of 
volatiles . 

Compaction  of  specimens  was  carried  out  on  a  conci  ete  block  using 
the  2  inch  diameter  mold  of  the  Alberta  Research  Council.  A  1.9  inch 
diameter  by  2  inch  long  steel  plunger  was  first  placed  on  the  base  plate  of 
the  compaction  block  and  a  3/4  inch  high  steel  collai  placed  around  it  as 


B4 


shown  in  Plate  lb.  The  mold  was  slipped  over  the  plunger  and  allowed  to 
rest  on  the  collar.  Then  four  layers  were  compacted  with  10  blows  each 
per  layer  of  a  5.5  pound  hammer  (same  hammer  as  used  for  the  Standard 
Proctor  compaction  test)  falling  12  inches.  After  two  layers  were  com¬ 
pacted,  the  collar  was  removed  as  the  mold  would  no  longer  need  it  for 
support  and  would  continue  to  sit  3/4  inch  above  the  base  of  the  compaction 
block.  Each  layer  was  thoroughly  scarified  with  a  screwdriver,  approxi¬ 
mately  1/8  inch  deep,  to  avoid  smooth  compaction  planes.  The  compac-. 
tive  energy  expended,  using  this  procedure,  is  30,  300  foot  pounds  per 
cubic  foot. 

Extrusion  of  the  specimens  was  accomplished  with  a  hydraulic  press, 
Plate  2  .  By  using  a  pipe  slightly  larger  than  the  mold,  the  specimen  could 
be  forced  upwards  by  being  pushed  by  the  bottom  plunger,  while  the  mold 
was  forced  down  flush  with  the  base  of  the  plunger.  The  extruded  portion 
of  the  sample,  3/8  to  1/2  inch,  was  then  trimmed  off  flush  with  the  top  of 
the  mold.  Next,  the  pipe  was  again  placed  on  top  of  the  mold  and  a  rod 
was  placed  below  the  plunger.  Thus,  when  the  press  pushed  down  against  the 
pipe,  this  in  turn  forced  the  mold  down  past  the  plunger  which  was  being 
held  stationary  by  the  rod.  This  caused  the  specimen  to  be  extruded  up¬ 
wards  into  the  pipe,  which  was  carefully  lifted  up  over  the  specimen  after 
it  had  been  extruded  and  the  press  had  been  stopped.  The  specimen  was 
then  weighed  immediately  to  0.1  grams,  dimensional  measurements  were 
taken,  and  the  sample  put  in  an  oven  for  curing  at  100°  F. 


b 
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Procedure  for  preparing  the  dried-back  or  aerated  MC3  samples 
was  exactly  the  same  as  that  just  described  except  that  after  mixing  the 
material  was  placed  in  drying  pans,  put  in  the  oven  at  100° F,  and  agitated 
frequently  with  a  large  spoon.  When  the  pre-calculated  aerated  weight 
had  been  reached,  to  obtain  a  mix  with  either  10,  7  or  4  percent  volatiles 
remaining  from  an  original  13.2  percent  at  mixing,  the  time  of  aeration 
was  noted  and  the  mix  was  transferred  to  a  plastic  bag  so  that  no  further 
evaporation  of  volatiles  would  occur.  Compaction,  extrusion  of  samples 
and  the  taking  of  weight  and  dimensional  measurements  was  accomplished 
as  previously  described  for  the  other  MC3  specimens. 

All  specimens  were  cured  for  7  days  at  100°  F  in  a  forced  draft 
oven  with  essentially  zero  humidity. 

3  -  Preparation  of  Sand-Asphalt  Specimens  Using  150-200  Asphalt  Cement 

The  required  portion  of  heated  sand,  usually  12  or  15  pounds,  at 
300°  F,  was  placed  in  the  U.  of  A.  pugmill  which  was  itself  heated  to  250°  F. 
Then  the  required  amount  of  150-200  penetration  asphalt  cement,  heated  to 
250°  F,  was  immediately  poured  slowly  across  the  top  of  the  mix  for  30 
seconds  while  the  pugmill  was  in  operation.  Mixing  was  continued  for  an¬ 
other  30  seconds  to  give  a  total  mixing  time  of  60  seconds.  The  hot-mix 
was  quickly  put  into  pans  and  transferred  to  a  small  electric  oven  beside 
the  compaction  block.  The  oven  was  set  at  250°  F  and  material  for  each 
layer  was  taken  out  of  the  pan  in  the  oven. 


B6 

The  compaction  temperature  was  obtained  from  preliminary  test¬ 
ing  where  a  plot  of  total  dry  unit  weight  versus  temperature  at  compaction 
showed  a  relatively  flat  curve  between  300°  F  and  200°  F.  This  is  shown  in 
Figure  8. 

Compaction  of  specimens  was  carried  out  exactly  as  for  the  MC3 
specimens  except  that  the  mold  was  preheated.  Heat,  of  the  material  being 
compacted  then  kept  the  mold  hot  during  subsequent  compaction  of  speci¬ 
mens  . 

Extrusion  of  specimens  was  accomplished  on  the  hydraulic  press, 
as  described  for  the  MC3  specimens.  Since  the  extruded  samples  were 
hot,  they  were  quite  fragile  and  extreme  care  had  to  be  exercised  in  hand¬ 
ling  them  until  they  had  cooled  somewhat. 

After  weighing,  the  specimens  were  allowed  to  cool  at  room  temp¬ 
erature  for  approximately  24  hours  before  testing. 

The  D  series  of  tests  were  similar,  except  that  the  compactive 
effort  was  varied  from  1/2  Standard  Proctor  (4  layers  at  5  blows  per  layer) 
to  2  Standard  Proctor  (4  layers  at  2  0  blows  per  layer)  to  8  Standard  Proctor 
(8  layers  at  40  blows  per  layer).  Again  each  layer  was  thoroughly  scari¬ 
fied.  These  specimens  were  otherwise  treated  in  exactly  the  same  manner 
as  the  other  hot-mix  specimens  described  and  were  again  allowed  to  cool 
for  24  hours  at  room  temperature  before  testing. 

4  -  Preparation  of  Sand-Asphalt  Specimens  Using  Foamed  Asphalt 

The  sand  was  weighed  out  in  25  pound  portions  and  thoroughly  mixed 
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with  the  required  percentage  of  mixing  water.  The  wet  sand  mixes  were 
then  put  into  plastic  bags  that  were  sealed  to  prevent  loss  of  moisture. 

These  bags  of  wet  sand  were  transported  to  the  commercial  BCH  pugmill 
where  they  were  mixed  with  the  required  percentages  of  foamed  asphalt. 

The  asphalt  cement  used  was  the  same  150-200  penetration  asphalt  used 
for  the  hot-mixes,  but  it  was  heated  to  325°  F  for  the  foaming  process.  A 
more  detailed  description  of  the  foamed  asphalt  process  itself  is  given  in 
Chapter  II. 

The  asphalt  was  introduced  into  the  nozzle  at  30  psi  and  the  steam 
at  50  psi,  with  the  steam  tube  tip  0.  625  inches  above  the  tip  of  the  nozzle. 
The  pugmill  was  itself  heated  to  about  150°  F  and  the  shaft  speed  was  140 
rpm. 

Total  mixing  time  for  all  batches  with  15%  molding  water  was  75 
seconds,  of  which  the  first  5  to  10  seconds  was  used  to  spray  in  the  foamed 
asphalt.  As  stated  in  the  outline  of  the  testing  program.  Table  4,  this  mix¬ 
ing  time  was  increased  to  90  seconds  for  11  percent  molding  water,  to  105 
seconds  for  7  percent  molding  water  and  to  120  seconds  for  3  percent  mold¬ 
ing  water. 

Immediately  after  mixing,  each  batch  was  put  back  into  the  plastic 
bags  which  were  sealed  and  transported  back  to  the  University.  After 
approximately  24  hours  cooling  in  the  bags,  the  mixes  were  compacted 
using  exactly  the  same  procedure  as  for  the  MC3  mixes.  Samples  were 
also  extruded  in  the  same  manner  and  weighed  immediately  after  compac- 
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tion.  Dimensional  measurements  were  taken  and  the  specimens  were  put 
into  the  oven  to  cure  at  100°  F  for  7  days.  Frequent  readings  were  taken 
during  curing  to  observe  the  rate  of  evaporation  of  water. 

After  the  7  days  curing,  half  the  specimens  were  tested  immedia- 
tely  and  the  other  half  were  immersed  in  a  large  tank  of  tap  water  at  room 
temperature  to  soak  for  14  days  before  testing.  The  depth  of  water  was 
maintained  at  1/2  inch  above  the  top  of  the  specimens  and  frequent  weight 
readings  were  taken  during  the  14  day  immersion  period  to  obtain  absorp¬ 
tion  characteristics.  Each  weight  reading  was  taken  approximately  30 
seconds  after  removal  of  the  specimen  from  the  water.  This  allowed  time 
for  the  free  water  to  run  off  the  specimen.  \t  the  end  of  14  days  all  speci¬ 
mens  were  again  weighed  after  removal  from  the  water,  dimensional 
measurements  were  taken,  and  the  samples  were  immediately  transferred 
to  sealed  plastic  bags  for  periods  of  1/2  to  8  hours,  depending  on  when  the 
particular  specimen  could  be  tested  in  triaxial  compression.  This  pro¬ 
cedure  ensured  that  all  specimens  underwent  exactly  the  same  period  of 
immersion  and  that  they  did  not.  lose  any  water  due  to  evaporation  while 
testing  of  other  specimens  was  in  progress. 

Preparation  of  "Wet:"  Hot-Mix  Specimens 

The  "G"  and  "H"  series  involved  a  series  of  tests  referred  to  as 
the  "Wet"  Hot-Mixes.  Here,  the  hot-mix  was  prepared  in  exactly  the 
same  manner  as  previously  described  for  the  conventional  hot-mixes. 
However,  instead  of  compacting  the  hot  mass  immediately  after  removal 
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from  the  pugmill,  it  was  allowed  to  cool  at  room  temperature  for  24  hours, 
after  which  it  was  thoroughly  broken  up  and  put  back  into  the  pugmill.  This 
cold  mixture  of  individual  grains  of  sand  coated  with  asphalt  was  then 
thoroughly  mixed  with  15%  water  (based  on  dry  weight  of  the  sand).  The 
wet  mix  was  immediately  removed  from  the  pugmill  and  transferred  to 
plastic  bags  to  prevent  evaporation  of  water.  Specimens  were  then  com¬ 
pacted,  extruded,  weighed,  measured  and  cured  in  exactly  the  same  manner 
as  that  previously  described  for  the  foamed  asphalt  specimens.  Any  samples 
that  were  to  be  immersed  after  curing  were  again  treated  in  exactly  the 
same  manner  as  were  the  soaked  foamed  asphalt  specimens. 

Triaxial  Test  Procedures 

The  following  outline  contains  the  essential  steps  in  performing 
the  triaxial  test  on  the  sand-asphalt  specimens.  The  procedure  used  for 
series  "A"  is  similar  to  that  outlined  below,  except  for  a  different  specimen 
size,  and  has  been  fully  detailed  by  Pennell  (1962).  The  various  apparatus 
used  is  mentioned  in  the  various  test  steps. 

1  -  A  2  inch  diameter  by  6  inch  long  rubber  membrane  was  rolled  up  by 
hand  to  within  1  inch  of  the  end  of  the  membrane  and  this  unrolled  portion 
was  slipped  over  the  2  inch  diameter  base  of  the  triaxial  cell  used. 

2  -  Two  1.4  inch  diameter  O-rings  were  stretched  and  placed  over  the 
membrane  to  hold  it  tightly  against  the  base  of  the  cell. 

3  -  The  cured  or  soaked  sand-asphalt  specimen,  after  having  been  weighed 
and  measured,  was  placed  on  the  base  of  the  cell,  the  top  loading  cap  was 
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placed  on  the  specimen  and  the  membrane  was  rolled  up  around  the 
specimen  and  the  top  loading  cap. 

4  -  Two  more  1.4  inch  diameter  O-rings  were  stretched  and  placed  over 
the  membrane  to  hold  it  tightly  against  the  top  loading  cap.  Care  had  to 
be  exercised  so  as  not  to  snap  the  O-rings  over  the  specimen. 

5  -  The  cell  was  next  assembled,  filled  with  water,  and  the  loading  piston 
(which  had  been  stored  in  a  non-foaming  oil)  was  seated  by  hand  as  water 
was  released  by  a  small  valve  near  the  top  of  the  cell.  It  was  not  neces- 
sary  to  place  an  oil  seal  on  top  of  the  water  in  the  cell  due  to  the  short 
time  of  each  test.  Any  pressure  drops  due  to  leakage  of  water  around 
the  piston  were  very  small  and  could  be  easily  adjusted  as  the  test  was  in 
progress . 

6  -  The  cell  was  next  placed  on  the  loading  table  of  the  Farnell  automatic 
compression  machine  and  the  loading  base  of  the  proving  ring  was  brought 
in  contact  with  the  piston. 

7  -  An  air  pressure  line  (laboratory  source)  was  connected  to  the  pres¬ 
sure  tank  of  the  Farnell  tester. 

8  -  This  "air-over-water"  pressure  tank  was  next  connected  to  the  tri- 
axial  cell  by  a  flexible  hose  and  the  desired  cell  pressure  was  introduced 
into  the  cell  by  opening  the  valve  allowing  air  into  the  tank.  When  this 
pressure  was  achieved,  as  recorded  by  a  dial  gauge  on  the  Farnell  mach¬ 
ine,  the  air  valve  was  closed  and  the  actual  compression  test  was  ready 
to  begin.  A  small  bleeder  valve  allowed  fine  control  in  reducing  pressure 
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back  down  to  the  desired  value.  Conversely,  if  the  pressure  dropped 
slightly  below  the  desired  value,  it  could  be  built  up  by  opening  the  air 
valve  slightly.  Leaks  in  the  rubber  membrane  could  be  detected  immedi¬ 
ately  by  a  rapid  drop  in  cell  pressure,  and,  in  the  case  of  the  dry,  cured 
sample,  visible  and  rapid  wetting  of  the  sample  inside  the  membrane.  If 
this  happened,  the  cell  was  disassembled  and  reset  with  a  new  membrane 
and  a  new  specimen. 

9  -  Having  achieved  the  desired  cell  pressure,  the  proving  ring  recording 
dial  was  "zeroed"  so  that  the  measured  load  would  be  the  deviator  load. 

10  -  The  Farnell  tester  was  then  started  with  a  preset  strain  rate  of  0.01 
inches  per  minute  and  proving  ring  stress  readings  were  taken  at  strain 
reading  increments  of  0.1  percent  up  to  0.4  percent  strain,  increments 
of  0.2  percent  up  to  1.0  percent  strain,  and  increments  of  0.4  percent 
from  1.0  percent  strain  onwards.  The  proving  rings  used  were  of  1,  500 
pound  capacity  (No.  783)  and  400  pound  capacity  (No.  782),  with  the  heavier 
1,  500  pound  ring  being  used  for  stronger  specimens,  such  as  the  cured, 
loamed  asphalt  specimens. 

11  -  The  criterion  used  for  failure  was  maximum  deviator  stress,  and 
when  this  was  reached,  the  Farnell  machine  was  stopped  and  the  piston 
raised  about  1/2  to  1  inch  by  a  hand  crank  raising  the  loading  yoke,  before 
the  cell  pressure  was  released.  This  procedure  ensured  that  the  specimen 
would  not  crush  under  the  high  load  applied  to  the  piston  by  the  proving 
ring  as  the  cell  pressure  was  released. 
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12  -  The  cell  pressure  was  then  released  quickly  by  means  of  the  previous¬ 
ly  mentioned  bleeder  valve,  the  hose  to  the  cell  was  disconnected  and  the 
cell  disassembled. 

13  -  The  rubber  O-rings  were  next  removed  from  around  the  loading  caps 
and  the  rubber  membrane  was  rolled  down  over  the  specimen,  which,  if 
the  procedure  in  step  11  was  followed,  remained  intact.  The  specimen  was 
then  removed  and  transferred  to  an  oven  for  drying  at  105°  C. 

This  same  procedure,  steps  9  to  13,  was  followed  for  each  speci¬ 
men  that  was  tested.  Lateral  pressures  for  any  one  test  series  ranged 
from  0  to  80  psi,  usually  in  10  psi  increments,  for  a  total  of  9  specimens 
per  test  series.  Some  test  series  had  more  or  less  specimens;  however, 
an  attempt  was  made  for  these  cases  to  keep  the  lateral  pressure  range 
again  from  0  to  80  psi  in  increments  that  ensured  a  good  spread  of  Mohr 


failure  circles. 


APPENDIX  C 

ANALYTICAL  SOLUTION  FOR  BEST-FIT  MOHR  ENVELOPES 


-  Balmer's  Analytical  Solution  For  Best-Fit  Mohr  Envelope 
and  Confidence  Limits  for  the  Envelope 

-  Print-Out  of  Computer  Program  (Fortran)  For  IBM  162  0 
Digital  Computer 
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Balmer's  Analytical  Solution 

The  method  put  forth  by  Balmer  (1952)  to  calculate  the  best-fit 
linear  tangent  line  to  a  series  of  Mohr  circles  for  failure  conditions  has 
previously  been  mentioned  in  this  thesis.  It  is  considered  that  no  useful 
purpose  could  be  served  by  listing  each  step  in  the  solution  since  the  print¬ 
out  of  the  computer  program  contains  each  step,  translated  into  Fortran. 
Hence,  a  generalized  explanation  of  the  data  preparation  and  the  print¬ 
out  of  the  calculated  results  should  suffice. 

For  any  one  particular  series,  the  CT  and  <T  values  were  cal- 

1  3 

culated  at  failure  for  each  specimen  and  punched  out  on  a  standard  IBM5081 
punch  card.  Following  this,  a  card  was  punched  out  for  each  particular  series 
and  showed  the  series  identification  number  and  the  number  of  cards  for 
that  particular  series.  For  example,  a  certain  sand-asphalt  triaxial  test 
series  may  have  contained  10  specimens  tested  at  different  lateral  pressures. 
The  punched  data  for  this  would  be  a  card  showing  the  series  identification 
number  and  the  number  10  for  the  number  of  failure  circles,  followed  by 
10  cards,  each  of  which  would  have  punched  on  it  a  cr  value  and  its  corres¬ 
ponding  CT  value  at  failure.  Each  set  of  cards  were  put  together  and 
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placed  behind  the  cards  containing  the  actual  computer  program. 

The  program  itself  essentially  contains  an  instruction  to  read  the 


identification  number,  the  number  of  circles  and  the  <7^  and  CT^  value 


for  each  circle  and  store  these  in  memory.  The  instructions  then  are  to 
perform  the  necessary  calculations  for  the  particular  set  of  data  and  to 
print  out  the  identification  number  followed  by  the  tangent  of  the  slope 
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angle  of  the  best-fit  Mohr  envelope  and  the  cohesion  value  for  that  parti¬ 
cular  series.  The  instructions  then  go  further  to  calculate  the  95  percent 
confidence  limits  in  shearing  strength  at  the  mean  normal  stress,  zero 
normal  stress  and  double  the  mean  normal  stress.  The  print-out  of  this 
portion  of  the  calculations  contains  first  the  identification  number,  follow¬ 
ed  by  the  shearing  stress,  the  corresponding  normal  stress  and  the  95 
percent  confindence  limit  in  the  shearing  strength  value. 

Following  the  calculations  for  the  particular  test  series,  the  com¬ 
puter  instructions  are  to  read  in  the  next  set  of  data  and  perform  the  same 
calculations  for  that  series. 

The  computer  program  is  set  up  to  dimension  memory  spaces  for 
20  Mohr  circles.  This  instruction  could  of  course  be  very  easily  changed 
should  the  need  arise  for  more  memory  spaces. 

It  is  to  be  noted  that  any  print-out  of  the  results  will  list  ERROR 
at  the  conclusion  of  all  the  results.  The  reason  for  this  is  that  the  com¬ 
puter  instructions  are  to  read  in  the  next  set  of  data,  which  obviously  do 
not  exist.  Thus,  this  is  not  actually  an  error  as  such. 

The  program  itself  could  undoubtedly  be  made  more  efficient;  however 
the  relatively  short  computer  time  involved  does  not  justify  the  time  re¬ 


quired  for  streamlining  the  program. 


.1  HAAS  920112  Print -out  of  Computer  Program 

•LOAD  FORGO 

DIMENSION  Sl(20)»S3(20)*SS3(20)»SlS3(20)»SSl(20) 
5  R 1 =0  •  0 
R  2  =  0 . 0 
R3  =  0 • 0 
R4  =  0 • 0 
R9=0.0 


PFAD»m,n 
DO  1  1  =  1  » N 

1  READ*S]  ( I  ) *S3 (  I  ) 

DO  2  I  =  1  *  N 

R 1 =R 1 +S3 ( I ) 

R 2  =  R2  +  S 1  (  I ) 

SS 1(1)  =si (  I ) *S1 (  I ) 

SS  3 (  I  ) =  S3 (  I )*S3(  I ) 

R  9  =  R9  +  SS 1 ( I ) 

R3=R3+SS3 ( I ) 

SI  S3 (  I  )  =S1 (  I  )*S3 (  I  ) 

2  R  4  =  R  4+  S  1  S  3  (  I  ) 

EN  =  N 

re=ri*ri/fn 

R6=R1*R2/EN 

R7  =R3-R5 

R8=R4-R6 
R i 0=R2*R2/EN 
R 1 1=R9-R1 0 
R 1 2=R 1 1 /R7 
R 1 3  =  SQRT ( R12  ) 

R14= ( R1 3-1 .0 ) / ( 2 • 0*SQRT ( R 1 3  )  ) 

R i 5= ( R2-R 1 3*Rl ) / ( 2 • 0*EN*SQRT ( R 1 3 ) ) 

PUNCH *M *R 14 »R1 * 

R1 6=R8/R7 
R 1 7=S0RT ( R 1 6 ) 

R l 8=r7/rN 

R19A= ( R13-R1 6 ) / <  FN-2. ) 

R 1 9R=2 • 0*R 1 8 

R19C=(R13  +  1.0)*(R13  +  1.0)/(R13*(R1 3  +  R 16*Rl  6 )  ) 
R20=(R2+R13*R1)/(FN*(R13+1.0)) 

XI =R20 

Y1=R15+R14*X1 
R  2  2 1 =  SOR  T ( R 1 9A*R19B ) 

PUNCH  *  M  » Y 1 *X1 »  R2  2  1 
X2  =0 . 0 

Y2=R15+R14*X2 

R 2 2  2  =  SORT (Rl9A*(Rl9B  +  Ri 9C*  (-R20)*(-R?0)  )  ) 

PUNCH*M,Y2»X2*R222 

X3=2*0*R20 

Y3=R1 5+Rl4*X3 

R  2  2  3  =  SQRT (Rl9A*(Rl9B  +  R]9C*R20*R20)  ) 

PUNCH*M*Y3»X3*R223 

GO  TO  5 

END 
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APPENDIX  D 


SAMPLE  DATA  SHEETS 


-  Triaxial  Test  Data  Sheet 

-  Curing,  Soaking  and 
Dimensional  Data  Sheet 
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UNIVERSITY  of  ALBERTA 

DEPT  of  CIVIL  ENGINEERING 

.  TTTAXTAL  COMPRESSION 

.  . ..  BITUMINOUS  .MIXTURES   1 

PROJECT    

SITE  ^  ^  ^  . 

SAMPLE  ^'r 

LOCATION  ir./</y  /Oos?/a/ 

MOLE   .  DEPTH 

TECHNICIAN  V  //■  .  DATE  -» <** 

Mach ; ne  Data; 

Description  of  Sample  osr,x/?p 

/o  a)  s*  ass?  s  s.  sr/v6  /w/)  c  *-/ 

iV/r/Z  -/  /I  A7  £  3  /  6  o  *sr  s'  *)  c.  T/E  S3  to  6T  O 

V '  as  <&  a?  /as  &  a/»-  y  8  3 

/0/?/rsTc -rSS  os;  aSS  /  TY  a)  r  OS*  T  /  ssrossr  \Ss <A«)  r/Af 

5//?4/a/  /es)T/F  *  C>  07  "  a?  os) /as 

C  c-V  7” /V'  7" 

specimen _ tiLIA 


Specimen  Number 

/7 

/£> 

Lateral  Pressure  .osi 

Zo 

ZS 

Length  . .  . 

4  022 

4  02.9 

Diameter 

2  00S 

2  OOtm 

Area  t~1 

3  ,6 

3  /6 

U/pk  1  limik  C  /t 

/7.  72 

/2  79 

W  t  -  Soil  4-  Volatiles  after  C.omp  .  ?  9 

389-7 

388-7 

f.iirinp  Peri  od 

7  os) 

5  S)  T  /C 

O  °A 

Wt  .  Soil  4-  Residue  Asphalt 

346  3 

3  43.  6 

Total  Volatile  Content 

42  8 

43/ 

Volatile  Content  at.  Test  mg  "4  . 

so  .49 

0  5$ 

Voi  d  Ratio  . 

o  •  6>o 

J  to  2 

.  Degree  of  Saturation ^ 

59 

5  b 

Dry  Unit  Weight  ?<=/ 

U3  7 

/o  2  <3 

Loss  of  Vol .  during  curing  l77* 

4/.  / 

4/2 

K*S £  ■  <Tc*  /  •/  \/&/a./*/€S  CjU.T€  +\*J  »M 

3  46  o 

34/  S 

. 

_ 

P  r  ov 
Ring 

Piv,  . 

Load 
lbs  . 

Str. 

Dial 

.001" 

Str  . 

% 

Corr. 

Area 

or 

^34. 

( Jl  Ow 

Pr  ov 

Ring 

Di v  . 

.  Load 
lbs . 

Str  . 
Dial 

.00  fl 

Str. 

V 

Corr. 

Area 

VI 

$-(rm 

■  S>*r  C  7/ 

srZ:  aZ 

/\so 

/  7 

3o/ 

4o-3 

/.  £7 

Zo 

2* 

4 

0  •  / 

i  /6 

28  2 

O  2 

422 

4i  i 

/  2 

5  0 

49 

8 

<7  2 

3  n 

3s  4 

/S.  4 

33  7 

S6  J 

/.  4 

84 

87 

/2 

o  3 

3-n 

45  a 

2S‘i 

35/ 

64  5 

7-6 

72  6 

/2  2 

U  r 

O  4 

3/7 

58  S 

38  5 

36/ 

72  4 

/  8 

2// 

2*  2. 

J4-! 

O  6 

3  / 8 

s>: 

63  S 

37o 

bo  6 

2o 

Ztoto 

255 

3'  2 

o  6 

4/9 

/oo 

go  o 

3b  o 

96  7 

2  4 

2/9 

28  7 

4*2 

/O 

i  8f 

//O 

9o-o 

386 

772  i 

2  8 

322 

i/c* 

48  4 

/  z 

3  To 

7/7 

9  7 

4oQ 

373 

72 »  9 

3  2 

)  26 

737 

fi4 

339 

32  S 

56  } 

/  4 

3  Zo 

fZ/ 

/c / 

389 

374 

/4s-o 

9  6 

3  27 

789 

"4 

35C 

336 

to 4  4 

/  6 

3  4/ 

/24 

/ o4 

*  39o 

375 

/67.X 

4  o 

3  2$ 

/4o 

7/5 

36o 

346 

72-4 

/  g 

3  it. 

/2  7 

/ 0  7 

389 

3  74 

/7  72 

4  4 

3  40 

'33 

7/3 

36t> 

35! 

So  4 

2  o 

3  23 

/29 

/oi 

372 

33  7 

96  S 

2  4 

3  24 

/So 

//o 

*  373 

358 

/72  4 

28 

3  25 
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APPENDIX  E 


SAMPLE  CALCULATIONS 


Triaxial  Test  Calculations 

Unit  Weight,  Degree  of 
Saturation,  Void  Ratio  and 
Volume  Expansion  Calculations 


El 


Sample  Calculations  For  Triaxial  Test  Strength  Values,  Unit  Weights, 
Degree  of  Saturation,  Void  Ratio  and  Volume  Expansion 


The  following  example  calculations  are  routine  and  basic  to  soil 
mechanics.  Hence,  they  will  be  presented  as  briefly  as  possible. 

1  -  Triaxial  Test  Calculations:  The  computations  are  the  same  for  any 
test  of  this  investigation  and  therefore  need  be  explained  only  generally. 

-  Load  lbs.  taken  directly  from  the  proving  ring  calibration  chart 

-  Corrected  area  calculated  from  original  area  f  1  -  %Strain 

-  Deviator  Stress,  CT^  -  ( 7^,  equals  load  lbs  f  corrected  area 

-  <r]  equals  the  deviator  stress  plus  the  lateral  pressure,  CT ^ 

2  -  Unit  Weight,  Degree  of  Saturation,  Void  Ratio  and  Volume  Expansion 

Calculations:  The  example  used  is  from  page  D2  for  the  foamed  asphalt 
specimens  with  4.2  percent  foamed  asphalt  and  7%  mixing  water.  Certain 
of  the  calculations  contain  conversion  factors  for  Metric  unit  conversion. 

It  is  not  considered  necessary  to  explain  these. 

-  Ave.  specimen  wt.,  after  compaction  =  366.8  gm 

-  Ave.  specimen  wt.,  after  curings  343.3  gm 

-  Ave.  specimen  wt.,  after  soaking  —  373.8  gm 

-  Ave.  oven  dry  wt.  of  specimens  =■  342.0  gm 

-  Ave.  specimen  length  &  diam.,  after  comp.  =  3. 976  in  &  1.999  in 

-  Ave.  specimen  length  &  diam.,  after  curing=3.980  in  &  2.003  in 

-  Ave.  specimen  length  &  diam.,  after  soaking  =  4 . 001  in  &  2.012  in 

-  Ave.  specimen  vol.,  after  compaction  —  12.504  cu  in 

-  Ave.  specimen  vol.,  after  curing  —  12.504  cu  in 

-  Ave.  specimen  vol.,  after  soaking  —  12.713  cu  in 

-Ave.  wet  unit  wt.,  after  comp  .=  366 , 8x1 72  8/454x1 2 . 504  =1 1 1 . 65  pcf 
-Ave.  wet  unit  wt.,  after  curing=  343 . 3x1 72  8 /454xl2 . 504  =  1 04 . 59  pcf 

-  Ave .  wet  unit  wt . ,  after  soaking  =-373. 8x1728/454x12.  713 ^l  11 . 91  pcf 
-Ave.  tot.  dry  unit  wt.,  after  curing=342 . 0x1 72  8/454x12 . 504=1 04 . 1  Opcf 
-Ave.  tot.  dry  unit  wt.,  after  soak .=  342 . 0x1 728/454x12 .  71  3  -1 02 . 39pcf 

-  Ave.  %  Swell,  after  soaking=(12 . 71  3  -  12.504/12.504)100=1.67% 

-  Vol.  of  Residue  Asph.=  (342.0  -  342. 0/1.042)=  13.  8  gm-0.  859  cu  in 

-  Vol.  of  Soil  Solids  =(  342.0  -  13.  8)/(2. 6  7x1  6. 39)  =  7. 500  cu  in 

-  V.M.A.,  after  curing=  12 . 504  -  7.500  =  5.004  cu  in 

-  V.  M.  A . ,  after  soaking  =12  .713  -  7.500  =  5.213  cu  in 

-  Voids  not  filled  with  asph. ,  after  curing  =  5 . 004  -  0.  859=4.  145  cu  in 

-  Voids  not  filled  with  asph . ,  after  soak .  =  5 . 2 1  3  -  0.  859  =4 . 354  cu  in 

-  Percent  Sat. ,  after  comp  .=  (366.8  -  342,0)  / (4.  145x16. 39)100  =3  6. 50% 

-  Percent  Sat. ,  after  cure  =  (343.6  -  342. 0)/ (4. 145x16.  39)100=2 . 36% 

-  Percent  Sat. ,  after  soak  .=  (373.8  -  342.0)  / (4. 354x16. 39)100  =44. 5  6% 


APPENDIX  F 


SAMPLE  RESULTS 


Example  Series  of  Mohr  Failure  Circles  With  Calculated 
Best-Fit  Strength  Envelope  For  Cured  Series  of  Specimens 

Example  Series  of  Mohr  Failure  Circles  With  Calculated  Best- 
Fit  Strength  Envelope  For  Soaked  Series  of  Specimens 


